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Abstract

Currentdata and understanding about the site conditions at Yucca Mountain provide & 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 woutd
be well within the zllowable 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 & high degree of confidence that no
releases 1o 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-98, 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.

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 8 November 13, 1983, draft of 10 CFR
Part 960 (DOE. 1883); (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-Leve! 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 our conclusions
are abstracted from a8 number of formal and informal
reports generated by technica! participants in the
NNWSI Project, as well es 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
Laborstory, and Los Alamos National Laboratory.
However, the interpretations or uses of date 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 a2n environmen-

INTRODUCTION

tal assessment document. if Yucca Mountain 1s
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) and the Nuclear Waste
Policy Act of 1882 (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
environmenta! assessment, should Yuccz 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 &t Yucca Mountsgin, and both require-
ments address the same condition. They are

1. A1,000-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, 1883).

2. A similar requirement for a 1,000-yr flow time
from the disturbed zone to the accessible envir-
onment, 8 proposed disqualifying condition of
the DOE listed in its technical guideline for geo-
hydrology. 10 CFR 96Q.4.2.1(d) (DOE, 1883).
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Figure 2. Geologic cross section of Yuccs Mountain showing the tentetive depth of & possible repository in the Topopah Spring

Member of the Paintbrush Tuff.

The 1000-yr fiow-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 natura! conditions at a site and
engineered components of a repository constructed
st that site. The contribution of natural conditions to
satisfying these requirements can be assessed only
under certain assumptions sbout 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 tollowing regulations:

1. The ennual release rate of sny radionuclide
from the engineered barrier system after clo-
sure of the repository shall not exceed 1 partin
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 releasc
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,ii,B) (NRC, 1983).

2. Reasonably foreseeable releases of radionu-
clides to the accessible environment shall be
tess than the quantities calculated according to
procedures specified in Table Il of 40 CFR 191.
This is @ proposed EPA containment require-
ment, 40 CFR 191.13(a) (EPA, 1882; 1984).
These limits are shown in the last column of
Table 1.

3. Releases of radioactive material to the accessi-
ble environment shali 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
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Table 1. Radionuclide inventory of spent fuel and allowable release of the NRC and EPA.

U ORGSR NI A o g e e

EPA Cumulative
Release Limits at
Accessible
Environaent

(c1/1000 MTIM) ¢

Specific Annual NRC Release
Half Life Activity lnventory (C171000 MTwM) Limits Prom Repository
Isotope (yr) (c1/g) t =10 yrl® ¢ = 360 ye(®) ¢ = 1060 ye(®)  (c1/1000 smn,)(C)
2460y 5.5 x 193 2.64 x 1071 3.5 x 10! 3.4 x 10l 3.1 x 10! 3.1 % 1078 ()W)
2450y 9.3 x 103 1.57 x 10°1 1.8 x 102 1.8 x 102 1.7 x 102 1.7 x 1073 (uA)
2440y 1.76 x 108 8.32 x 10t 9.0 x 10% 9.3 x 10°1 0 0 (MA)
2420y 5 x 1072 3.32 5 103 8.5 x 103 3.5 x 10} 3.2x 10! 3.2 x 1074 (ua)
243, 7.95 x 109 1.85 x 1071 1.4 x 104 1.4 x 104 1.3 x 104 1.3 x 1072
242, 1.52 x 102 9.72 1.0 x 10¢ 3.4 x10d 3.1 x 0! 3.1 x 1074 (ua)
241 4.58 x 102 3.24 1.6 x 106 1.8 x 103 1.7 x 102 1.7 x 1073 (ua)
2425, 3.7% x 109 3.90 x 1073 1.6 x 103 1.6 x 103 1.6 x 103 1.6 x 1072
241p, 1.32'x 101 1.12 x 102 6.9 x 107 1.8 x 102 1.7 x 102 1.7 x 1073 (ua)
240p,, 6.58 x 109 2.26 x 107} 4.5 x 10° 4.4 x 109 4.1 x 10° 4.1
239py, 2.64 x 104 6.12 x 1072 2.9 x 103 2.9 % 10° 2.8 x 10° 2.8 .
2385y 8.6 x 10 1.75 % 10l 2.0 x 108 1.6 x 10° 3.2 x 10l 3.2 x 1074 (ua)
239y, 6.4 x 103 2,33 x 105 1.4 x 104 1.4 x 104 1.3 x 104 1.3 x 107}
23N 2.1¢ x 108 7.05 x 1074 3.1 x 102 2.7 » 102 2.7 x 102 2.7 x 1073 (W)
238y 4.51 x 107 3.33 x 107 3.2 x 102 3.2 x 102 3.2 x 102 3.2 % 1073 (M)
236y 2.39 x 107 6.34 x 1073 2.2 x 102 2.2 x 162 2.3 x 102 2.3 x 10°3  (kn)
235y 7.1 x 108 2.14 x 1676 1.6 x 101 1.6 x 101 1.6 x 10l 1.6 x 107 (sA)
234y 2.47 x 10° 6.18 x 1073 7.4 x 10l 7.4 x 10t 7.5 x 10! 7.5 % 10°% (NA)
233y 1.62 x 10° 9.47 x 10°3 3.8 x 10°2 4.5 x 107} 1.3 1.3 x 10°% (ua)
lp, 3.25 x 104 4.51 x 1072 5.3 x 103 1.3 x 107t 3.7 x 107} 3.7 x 10°¢_ (Na)
D2y, 1.4 x 1010 1.10 x 1077 1.1 x 1977 4.1 x 1076 1.2 x 1075 1.2 x 10719 (ua)
230y, 5.0 x 10% 1.9¢ x 10°2 4.1 x 1073 2.2 x 107} 6.6 x 1071 6.6 x.10°¢ (W)
229qy, 7.34 x 103 2,13 x 197} 2.8 x 1073 8.3 x 1074 6.6 x 103 6.6 x 108  (ua)
226, 1.60 x 103 9.88 x 1071 7.4 x 1076 2.3 x 101 6.7 x 10°1 6.7 x 10°¢  (xa)
2 4.05 x 10-2 3.92 x 104 8.1 x 1073 8.4 x 10794 6.7 x 1073 6.7 x.10°% (ua)
210pp 2.23 x 10} 7.63 x 10} 7.0 x 10”7 2.4 x 10°1 7.2 x 107} 7.2 x 10°¢  (uA)
37cy 3.0 x 10! 8.70 x 100 7.5 x 107 2.3 x 104 2.2 x 1073 2.2 x 1079 (ua)
135 2.0 x 108 8.82 x 1074 2.7 x 102 2.7 = 10% 2.7 x 102 2.7 x 1003 (un)
129 1.59 x 107 1.7¢ x 10°4 3.3 « 10} 3.3 x 10} 3.3 x 10} 3.3 x 10°%  (NA)
¥ L26g, 1.0 x 10° 2.84 x 1072 4.8 x 102 4.8 x 102 4.8 x 102 6.8 x 1007 (wA)
9Sqc 2.15 x 10% 1.70 x 1072 1.3 x 104 1.3 » 104 1.3 x 104 1.3 x 107}
93z¢ 9.5 x 109 4.04 x 10°3 1.7 x 103 1.7 x 103 1.7 x 103 1.7 x 10-2
9ge 2.9 x 10! 1.37 x 102 5.2 x 107 1.2 x 104 6.5 x 1074 6.5 x 10°? (NA)
St 8.0 x 10 7.57 x 10°2 3.0 x 10! 3.0 x 10} 3.0 x 10! 3.0 x 1074  (MA)
1L 5.73 x 103 4.45 1.4 x 102 1.3 x 102 1.2 x 102 1.2 x 10~3  (NA)
£=17.3x10°
(a) 10 years out of the rsactor, 1.e., the assumed tine of explacement, values from DOE, 1979.

b)

(c)
(d)

(e)

PE

300 or 1000 yeals after closure, i.e., 360 or 1060 years out of resctor, assuming a 50-year operations period befo

calculated from (a) and rounded to 2 significant digits.
1 x 1079 times tnventory at 1060 years: from WRC (1983)

100
100
100
100
100
1000
100
100
100
100
100
100
1000
100
100
100
100
100
100
100
100
100
100
100
100
1000
1000
1000
1000
1600
10,000
1000
1000
1000
100

re closure; values

NA means not appliceble because curies remalning at 1060 years are less than sbout 7.3 x 103 ci, i.e., less than 0.1\ of the total
release rate limit of about 7.3 Ci/yr: each of these nuclides thus has a release rate limit of 7.3 x 10-3 ci/yr.

Applied 10,000 yesrs after repository closure; from BPA (1984).
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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-
sted from the accessible environment in accor-
dance with the requirements setforth in 10 CFR
60and40CFR 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 requirernent, 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, androck characteristics, respec-
tively. These guidelines restate the requirement to
satisfy the postclosure system guideline, 10 CFR
860.4-1, 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 perts of 10 CFR 60, 40 CFR 191, and 10 CFR
960 list numerous factors that must be consideredin
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-
ologicat 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

" severat general assumptions used for our analyses.

Chapter 3 summarizes current information about site
properties in the context of the proposed DOE techni-
cat 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 séc-
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 §
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-
tein be undertaken.
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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 wasta 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 dnscussed in Chapter 3, as they

mightinfluence site performance. discussedin Chap-
ter 4. These assumptions are alsé made explicit to
allow proper interpretation of the conclusions drawn
in Chapter 5. The assumptions are

1. Arepository 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 reflacts 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 willbe 10 yr
old (i.e., 10 yr after removal from its reactor
cora) when simultaneously emplaced in the
repository. The inventory of waste assumed to
be present atthe time of emplacement is shown
in Table 1.

3. The total area encompassing the waste will be
8.07 x 108 mZ (about 1500 acres), yielding an
initial thermal-power output of about 12-13
W/m2 (about 50 kW/ acre) (Jackson et al., eds.,
1884), assuming that each 10-yr-old MTHM
generates about 1.1 kW of thermal power (DOE,
1980).

4. Nowaste will dissolve or otherwisa 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

_0.8W/m2(7 or 2.3 kW~ acre) (DOE. 1980). This
assumption is based on the requirement by the
NRC in 10 CFR 60.113 (a,1.ii,A) that contain-
ment within the engineered system must be
essentially complete for at least 300 yr follow-
ing closure and that completa 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. Allreleases 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 fue! will dissolve congrt
ently with uranium on a relative-mass basi
That is, at any given time, the ratio of the mass
of uranium to the mass of any other radionu-
clide willbe the same in the spentfuel asitisin
the water that is dissolving the fuel.

6. The sofubility 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, tha solubility of uraniumis assumed
to ramain constant following the containment
period.

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

L

*360 and 1060 yr rapresant emplacsment of 10-yr-old spent fw.

50 yr of operations through a retrievat period, and 300 and 1
yr following closure at the end of the retriaval 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 fiow 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 materiais 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 8 manner described by
a system of eguations, 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 toremain in seculer equi-librium with
their parent species. Similarly, for the uranium
series Pu-238, Am-242, Cm-242, Pb-210, and
Ra-226 are assumedtoremain 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 &re 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 groundwster flow models or complex
contaminant-transport equations to estimate ra-
dionuclide transport times and amounts 8t 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. Ancillary assumptions
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 definitions of regulatory terms such as
“disturbed zone,” ‘“‘engineered barrier system,”
“accessible environment,” and others, as well as
about the specific 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 renges 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 8 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.



AW

RS0

Cep M s

Yy LT

Wt

A0

e

v VRS . A

T OISR ENR A B S O AW

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 guidetine 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 tha 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 solut'sn
toward the accessible environment. The hydrol. ..c
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 maving 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 welded Tiva
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
atYucca Mountainandis denselyfractured(Table ™
Its matrix-saturated hydraulic conductivity is vy
low, on the order of 1 mm/yr. Bulk porosity is abot
10%. Effective matrix porosity is probably somewhat
less, even under saturated conditions {Thordarson,
1983). This unit occurs entirely above the water
tabla, and saturation is estimated as about 75% on
the basis of laboratory measurements of core sam-
ples (Tabte 3).

The underlying nonwelded Paintbrush unit is fess '
de -elyfractured and has a matrix-saturated hydrau-
fic conductivity of several millimeters per year. Bulk
porosity is very high, about 45%, and effective poros-
ity is probably also high relative to tha densely welded
units. Saturation of this unit is apparently about 55%
based on laboratory measuremants 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 taboratory mea-
suraments, appears to be about 70% (Table 3). ID

\
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Figure 3. General hydrogeologic cross section of Yucca Mountain showing the anticipated flow paths from a potentisl repository 10
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Table 2. Relation of stratigraphic and hydrogeologic units at Yucca Mountain,
APPROXINATE
THICKNESS
STRATIGRAPHIC UNIT HYDROGEOLOGIC UNIT (HETERS) COMMENTS
Alluvium Alluvium 0-30+ Underlies wvashes: thin layer on flats,
Tiva Canyon Member Tiva Canyon welded unit 70-150 Densely to moderately welded caprock that dips 5-8° east-
vard at Yucca Mountain: high fracture density.
Pah Cenyon Meamber viteic, nonvelded, porouva, poorly tndut‘ntcd. bedded in
0-200 part; low fracture density.
“ Yucce Mtn. Meamber Paintbrush
S nonvelded unit
[ 2
y] » Nonvelded
" €
: : - Ep s - T W
-] .
2 3'“ Vitrophyre” Oensely to moderately wvelded: sevecral 1ithophysal
5 ‘é Welded Topopah Spring 290-360 (cavity) zonea: high fracture density: central and lower
K. 38 vitcophyre welded unit part is candidate host ctock for repository.
e - - - - -
e Nonvelded Calico Hills - ,’ Ao 100-400 Base of unit is determined by the vater table: vitric in
nonvelded unit , .o\“' southvest Yucca Mountein, zeclitic in east snd north.
I d . 7 3
Tuffaceous | vitric 7 P
Beds of Pl 4
Calico PR ‘;c\ ’
Hille Zeolitic 3% .
,I \ ’I - ‘.v\
[
Frov v
o | Pese Nonvelded
a Hem— o @ > ED - - -
- ber Welded .
-
-l
: Bullfrog Member
s v
o Tram Meaber Older tutfs > 1200 = In USW H-1, lower part has hydraulic head about 50 =
v higher than vater table ot USW H-1,
Lava
Lithic Ridge Tufft
Older volcanics
Siluctian carbonate aoccurs 2.5 km east of proposed reposi-
Pre-Tertiary Rocks Pre-Tecrtiary Rocks Unknown tory st depth of 1,250 » in UE-25pd] where hydravlic head
is about 20 » higher than wvater table.
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Table 3. Inferred hydrologic properties of the matrix and fractures of the hydrogeologic units at Yucca

Mountain.
__FATRIX PROPERTIES
Average Avecage Approxinate
Estimated Saturated Saturated saturated Approximate Effective
Bulk gffective Kydraulic Mydraulic Saturation Matric Hydraulic
WYDROSTRATIGRAPHIC UNIT Porosity Porosity Conductivity Conduct ivity rotential Conductivity
(A of Buik
sl (1Y) (ca/sec) (m/yr) Porosity ¢ 1 ) (em)(19) (m/yr)(20)
Tiva Canyon Densely 10 ¢ 5.3(1) 5-8 2.5 x 10°%7) 0.8 72013) - 10,000 0.025
Welded
Paintbrush Nonwelded 45 4 11.8(2) 20- 30 2.4 x 10°6(8) 760 56 ¢+ 170100 -8,000 150
fopopah Spring Densely 15 + 5.1(3) 612 3.5 x 10°%9) 1.1 €9 ¢+ 15019) -20,000 6.05
Velded
Calico Kills (vitric) 39 ¢ 7.7(0) 20-30 1.3 = 10 6010) 40 ur(16) - -
Calico Hills (Zeolitic) 30 ¢ 8.6(5) 10- 20 4.2 x 10°°01D) 1.3 92 + sf17) 20,000 0.0%
Older Tutfs 23 + 7 (6) 5-15 1.1 x 10°7002) 3s(12) 89 « all®) “A 35
(1) average of 11 sanples (11} log average of 17 sanples; 4 sanples tested
(2) average of 15 samples at lower limit of apparetus
(3) average of Sl saaples (12) log sverage of 33 sanples, unit is satureted,
(4) average of 4 samples fracture flow dominates
(S) aversage of 27 samples (1)) only 1 sample aveiledle
(€) average of €7 sanples (14) 5 samples
(7) log average of 10 sanples; J sanples tested (15) 27 samples
at lower lieit of apparstus (16) no dats availadle
{8) log average of 6 samples: 1 sample tested (17) S sasples
at lower limit of apparstus (18) 14 samples: unit is beneath the water tadle and therefore
($) log average of 22 sanples: | sanple tested satursted though some smali pores may not silow water to
at lower limit of apparstus enter, low saturation may also indicete mecasurement blas
(10) log average of & samples (19) representative samples used; from Peters (1984)
(20) represantative samples used: from Peters and Gauthier (1984)

(See FRACTURE PROPERTIES on following page.)

the deepest stratigraphic unit completely above the
water table in the potential area of waste emplace-
ment. The lower part of this unit is beneath the water
table in restricted locations several kilometers east of
the Yucce Mountain site.

The nonwelded Calico Hills unit underlies the
target host rock. It is divided into two distinct subun-
its, vitric and zeolitic (Tables 2 and 3). Though the two
subunits occur 8t the same stratigraphic level (Figure
3). they are considered distinct hydrogeologic units
because they have significantly different capabilities
to transmit water through the rock matrix. The vitric
part occurs beneath the southwest portion of the
potential emplacement area and has hydrologic
properties similar to those of the nonwelded Paint-
brush unit, i.e., low fracture density and high satu-

rated hydraulic conductivity (Table 3). The zeolitic
part occurs beneath the north and east portions of the
potential emplacement area and has low fracture
density, similar to that of the vitric part and the non-
welded Paintbrush unit, and low matrix-saturated
hydraulic conductivity, similar to that of the densely
welded units. Bulk porosity is generslly high, 30% to
40%, throughout the Calico Hills units, though per-
haps somewhat higher in the vitric unit than the
zeolitic unit. Effective porosity is assumed to be
about 20% to 30% in the vitric unitand 10% to 20% in
the zeolitic unit (Table 3). Both units appear to be
nearly saturated. The water table at Yucca Mountain
generally occurs within the Calico Hills unit.

The lowermost unit in the flow system between the
proposed repository and the accessible environment

-
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Calculated . - ¥

ik ] S,
Saturated . c.levuud " gffective L 0 T
Approxiaste ®ydraulie . Elfective . gracture .. - Caleulated Aparture(y){28)
ot xmomnxca»mc er Density Conductivity Aperture - poresity Required to Pass & Flus of
o . 1.(21) ) ) AU 028 ! : un 1o Sem 10w
(nr e’} (enlyr) (aterons)™®"" . ) (\) per/yr perlye pee/yr
" . fiva Cenyon Densely 2 363,000€22) ST BT W 117 S 1.2 21 29
welded : ST . o L ) R .
Patntbrush onuelded 10 13.600(29) TR EE X " RIS X IS X 2 X
Topopah Spring Densely © 383,000(2¢) E TR W 17 CETIINERN 0 SRR T B
velded s Coe S :
Calico Wills tviteic) s 75,000¢24) 0 e.e00¢ - 2.8 3.4 4.
Calico mills (Zeolltic) s 75.000! 2%} '} " 9.0004 2.0 3.4 4.
Otder Tufls s 20 75,000 - (2% - g3.q9 0.0008 © A 7Y wA
. - 25,000 - o 6.0018 .

{211 Prom Scott et ol. (198)) rounted 10 nesrest §
{22) Assumed equal (o seturated Topopeh Spring
(23} Rssumed equal to Calico Kills and Older Tufls

(24) Representative velue (rom well J-13 (Thordarson, 1933)

(2%) Representative voluo from well 3-13 (Thordarson, 1983), n-1, (Bacr. 1984)
126) Aperture, b © {12ps)8:333 5 108, g » gistance Between fractures In seters .
obtatned {reu one €ivided By fracture density, p * permeadiifty in a? or

3.2 3 10°18

tines conductivity in aw/yr (from Freszs and Cherry, 1979}

(27) cu:ulnu effective porosity » fracture density z aperture in sicrons ¢

16"
(28) Assume all Cractures participate in flow vhere

permesdiilty o 3.2 x 10°18 tines flux In mn/yr. and aperture ts

calculated a8 per note 24

is designated as older tuff. It occurs exclusively

beneath the 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). Itis . -
slightly to densely fractured, and matrix hydraulic -

conductivities generally fall between those of dens
sely welded and nonwelded units. Bulk porosity is
about 25%. Because this unit is entirely betow the

~ water table, it is fully saturated (Table 3).

~ Local variation of hydrologic properties 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.

terization 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 sre 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 8t Yucca Mountain
may strongly lnfjuence qroundwater flow through
each of the units, particutarly if the amount of flux

. through the unsaturated zone is large enough to
' cause flowthrough fractures. Accordingly, the struc-

tural features of primary interest are relsted to the
distribution, density, orientation, and size of frac-
tures throughout the gite. 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 ceniral 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. Tothe 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 aldng a zone

-of possible strike-slip faulting or dense fracturing.

hous (S ]V

AIR FORCE I\

TEST SITE

10 13 20m
SCALE

D Genershized outhnes of structurs) blocks
Terxstive location of underground reposiory
5] surtace tocation of exposed and interred fautis

Figure 4. Major, informally designated structural blocks at Yuccs
Mountain and their relation to individua! faults exposed in the
ranges and inferred where buried by stluvium.

The souther’n 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 horizontat 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., 1883). 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 straugraphic 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 end 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 &s 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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only 2% of the precipiation in the 6000- to 7000-foot

{~1800- to 2100-m) elevation range at Pahute Mesa -

percolates deeply enough to recharge the saturated

zone. Rush’s approach (Rush, 1970) provides the :

-, Yucca Mountainisless than0.1 inch(~2.5 mm)® per.. -
year, though the study area was not small enough to
. indicate how much less occurs at Yucca Mountain, :
 Several investigators have used a similar, though .
. perhaps less formal, approach which combines con.. -
.- siderations of the mass balance between recharge
. anddischearge in groundwater basins (water budgets)
.. with gssumptions about the locations of recharqe’
.+ " based on elevation-determined climatic conditions. -

- Usingthis approach, Eakin and others (1563}, Walker "~
| and Eakin (1963), Mifflin (1968), and Waddel (1882)
- assumedthatnorecharge occurs 8t Yucca Mountain " =
. orinsimilar, nearby climatic zones. Rush (1970} used
2 method devised by Eskin and others {185%)to esti- -
"mate that less than 3% of the precipitation in the
. .. Yucca Mountain region infirates deeply enough to
.. recharge the saturated zone 8t elevations less than .’
5000 f1 (~1500 m). Blankenagle and Weir (1973)
used the same method to arrive at an estimate that’

more conservative basis for establishing an upper

~ boundfor recharge of about4 mm/yr for the 1200- 10

1500-m elevation range at Yucca Mountain, where

precipitation is estimated by Quiring {(1965) to be .

about6t08in/yr(~15010 200 mm/yr)(i.e., recharge

is somewhat less than 4.5 to 6.0 mm/yr). On the

basis of water-budget evaluations of the regional -

flow system, Rush assumed, along with Waddell and

the others mentioned above, that the actual quantity .
. ... of recharge in acre 1eet from this elevation zone was
o negligible. .

he water-budget cons:deratoons of all these

. investigators indicate that no recharge is required
from Yucca Mountzin or similar climatic environ-- .
ments to explain the overall behavior of the regional .

flow system. We conclude that rezsoning based on

climatic information in combination with water- - -

budget considerations indicates an upper boundofa

few millimeters per year for the flux lhrough the
unsaturated zone at Yucca Mountain.
Two other approaches to estimating unsaturated

flux are based directly on site-specific information. .
One infers vertica! flux from measurements of the

geothermal gradient, the variation of tempersture ,

unsaturated 2one. Using the geothermal &

- *Metnc umts are generally used in this report untess the origina!

data from previous studies are being described: in these euu
metnc conversions sre provnided )
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. with depth; the other infers flux from moisture con-

- tents and hydraulic pressures in rocks from the -
roach, -

due to the assumptions and generalizations, com-

- bined with the range of estimated flux for ditferent
. locales, this method is currently unable to determine
- local flux within a narrow range. However, the

geothermat approach does provide independent

. estimaies of recharge that strengthen evidence that
itis very low, certainly less than 10 mm/yr and prob- .

ably less than § mm/yr.
The final approach to esnmaung flux through the

- unsaturated zone is based on measurements of mois-

ture contents, hydraulic pressures, and eflective
hydraulic conductivities of rocks along unsaturated

. flow paths. This approach provides the most direct

evidence about unsaturated water flux. For unsatu-
rated material, openings exert 2 pull or suction on

- water which is inversely proportional to the size of

the openings. This suction is due to capillary or

and holditthere. The lower the saturation or the less

waterthere is in 8 rock of 8 given porosity, the greater - »

is the capillary suction, because &t lower saturstions

- smaller voids with stronger capillary pull exert the

negative pressure. Therefore, effective hydrautic

.. conductivity also decreases as saturation decreases.

Measurements oncore from Yucca Mountain indi-
cete that saturation of the potential host rock, the

- Topopah Spring Member, is about 70% (Blair et al.,

1984). Substantiating evidence currently is being
obtained from in situ pressure-head measurements

“of -20 to -40 bars (about +20,000 to -40,000 ¢m of

water) for the Topopah Spring Member in hole USW
UZ-1 at Drili Hole Wash just north of the target
emplacement ares (P. Montezar, USGS, personal
communication). These suction pressures correspond

- 'to saturations of less than about 50% to 80% based
* on moisture content-pressure head relations deter-
~ mined from core samples by Blair and others (1984)

(Figure' §). The corresponding hydraulic conductivi-
ties are of the order of 0.01 to 0.1 mm/yr (Figure 5),
indicating that 0.5 mm/yr constitutes a conservative

©_ upper limit on the flux through the rock matrix t the

repository level (Peters, 1984).

Lo
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Sass andLachenbruch{1982)estimatedthatwateris -
.+ moving downward 2t a rate of 110 10 mm/yrinthe |
... lower unsaturated zone and upper saturated zone 8t - . "
. borehole USW G-1 in Drill Hole Wash. For shallow 3
. holes that penetrate only the upper portion of the .

. unsaturated zone beneath Drill Hole Wash, geother-
'.mal data suggest a negative (upward) flux of up to -
' tens of millimeters per year. These estimates are
~based on assumptions about the local geothermal
: fluxand generalized data for the thermal conductivity
of the stratigraphic ‘'units. Given the uncertainties -

L o

" surface-tension forces. These forces create negative -
pressures thattendto draw water into the rock matrix .
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Figure §. Relations between saturstion, hydraulic conductivity, and
suction head, botiom curve {from Peters and Gauthier, 1884} cal-
culated from best-fit upper curve {from Peters, 1984); upper curve
generated from measurements represented by circles (from Blair
et al., 1884} of & representative sample (G4-6) of the Topopah
Spring welded unit.

Because the Topopah Spring Member is fractured,
it is possible that some of the flux moves through
fractures in the unsaturated zone. Two lines of evi-
dence show, however, that this is unlikely. First, cal-
culations by Travis and others (1984) indicate thst
water moving through fractures with apertures as
small as 100 ym would be unable to penetrate more
than a few meters, at most, through fractured, den-
sely welded tuff with matrix saturations as high as
80%, and it would penetrate even shorter distances
for lower saturations or smaller fracture apertures.
Under matrix suction pressures corresponding to
saturations of 90% or less, all water in the fractures
would be drawn into the rock as the water moved
short distances through the fractures. Wang and
Narasimhan {1984) calculate a2 pressure range over
which the transition from fracture flow to matrix flow
would occur in jointed blocks composed of densely
welded tuff. They predict the transition will occur
abruptly at negative matrix pressures of about a few
tens of centimeters of water, far higher than the

observed pressures 81 Yucca Mountain. The hydrau-
lic conductivity (the same as effective flux, given a
gradient of 1) corresponding to the calculated pres-
sure threshold for fracture flow is about 0.5 to 1
mm/yr. The calculations by Travis and others (1984)
and Wang and Narashimhan {(1984) indicate that the
low moisture contents observed in the host rock will
prohibit-any substainable flow through the fractures
in the unsaturated zone.

The second line of evidence is provided by Peters
and Gauthier {(1984), who calculate that flux in
excess of about 0.5 mm/yr would nearly saturate
most rocks in the unsaturated zone at Yucca Moun-
tain, including the Topopah Spring Member. If the
rocks were initially of low saturation and sustained
fracture flow were to occur, water drawn from the
fractures into the matrix would completely saturate
the matrix under a flux of about 0.5 mm/yr. Thus,
according to Peters and Gauthier (1984), a2 flux in
excess of about 0.5 mm/yr would produce a higher
moisture content and lower suction pressure than
the values observed at Yucca Mountain. Only if
higher moisture contents and lower suction pres-
sures were 10 occur would the fractures be able to
sustain water flow, as pointed out by Travis and oth-
ers (1984) and Wang and Narashimhan (1884).

Concentrations of infiftration in time or space may
seem to provide a means of supplying enough flux to
cause fracture flow in limited portions of the site. This
may seem particularly likely beneath the washes
which concentrate runoff and, hence, moisture
available for infiltration along or across fault zones or
other densely fractured locations. However, a logical
consequence of this situation would be & horizontal
pressure gradient away from the limited zones of
fracture flow and the adjacent, nearly saturated rock
toward zones where no fracture flow occurs &nd tic
rock matrix is fess saturated. It is unlikely, though not
certain, at this time, that such a gradient could be
maintained for very long, because the pore water
would tend to migrate along the gradient through the
matrix in an attempt to establish an equilibrium pres-
sure that would eliminate the gradient. Given this
reasoning, we tentatively conclude that pulses of flux
through fractures at restricted places are not very
likely, at ieast not as episodic events occurring at
regular and frequent intervals at the same place. This
conclusion needs to be confirmed by detailed model-
ing that calculates the lateral gradients of moisture
content and pressure, if any, that canbe sustained by
focal pulses of fracture flow of various intensities and
frequencies.

Atthe current time, data on moisture content in the
unsaturated zone strongly indicate that sustained,
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fic conductivities indicate that the sverage 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
indirect climatic, water-budget, or geothermal

methods Before this conceptual model of flux through
the unsaturated zone can be firmly established, how-

ever, more widely distributed data are needed forin
situ moisture contents, pressure heads, and hydrau- .

he conductivities.

After water percolates vertically to the water table,
it will mix with the water flowing into the site as

underflow from recharge regions 1o the north. This

- underflow or flux through the saturated zone a2t .
Yucca Mountain has been estimated by Waddell

(1982) 10 be on the order of 10°510 10°6 m3/s for a

1.-m-wide strip of saturated aquifer (Sinnock et al.,

eds , 1984) For a spotlocation at the northernend of
the potential repository area, Waddell (1982) calcu-
lated 2 flux of about 2 x 10°6 m3/s/m per meter of
aquifer width; for a spot location just southeast of the
site, the calculated value is gsbout 5 x 10°7 m3/s/m.
Waddell {1982) assumes 2!l 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 end 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. .

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 genera! Darcy
principles, so the velocity is equal to the flux, F,
divided by the effective porosity. n:

V.2F/n {1)
Inthe unsatursted zone, nis determined by the mois-
ture content and degree of saturation of the rocks.

This flux cannot exceed, but may be less thean, the
amount determined by the general Darcy equation
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widely distributed fracture flow is &8 not 8 credible -
» process 8t Yucca Mountain, As a result, the average -
fluxis probably limited to a value equaltothe hydrau.: -
lic conductivity of the matrix under the suction heads : S S i
- where Q is the total volumetric rate of flow, K is the -~
hydraulic conductivity, dh/21 is the hydraulic gra- -
t  dient, and A is the cross-sectional area through .-
- which flow occurs.® The flux is the same as Q for a

of 20,00010 40,000 em, corresponding to saturations -
of 85% or less. Though these values sre notyet firmly -
" established for all hydrogeologic units and undoubt-
©edlyvary withinthe units, the current data on hydrau- -

e
) .Q"f‘ a1 A m‘__-.

unit area of the total area, A.

3.1 .3.,‘ Flow in the Unsaturated Zone

A flow system tends to sdjust the basic flow

parameters in a manner that enables the fiux to be -

transmitted. In contrast to the saturated zone where ' .-
the gradient generally adjusts to 8 minimum slope -
required 1o ensure that the flux is transmitted through - =
. various rocks, with a differing but fixed conductivity, @ -

‘the conductivity of & given rock in the unsaturated = -
zone will tend to adjust to the minimum value - -

requiredtotransmit the flux under a gradient fixed by

gravity at unity. This can occur because conductivity . '
changes #s the saturgtion changes, so, in effect, '
moisture contents will adjust to yield a conductivity '~ *
equal 10 the flux, given a gradienmt 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-

ductivitles and much lower eflective porosities than
- the matrix (Teble 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 value under satursted condi-
tions. The saturated matrix conductivity of the Tiva
Canyon, Topopah Spring, and zeolitic Catico Hills
units is about 1 mm/yr (Table 3). If flux is less than
the saturated matrix conductivity, water will tend to
flow relstively slowly through the high effective por-
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- osity of the matrix. It follows that flux through the .-

unsaturated zone at Yucca Mountain in excessof the ..

saturated matrix conductivity (gradient = 1) mustpass - .

through fractures, so that fiux in excess of about 1

mm/yr wouldtendto cause fracture fiow through the
densely welded Tiva Canyon and Topopah Spring ..

units and the nonwelded, zeolitic Calico Hills unit.

However, this excess flux would probably never

exceed a few millimeters per year at Yucca Mountain,

-*Conventionally, 8h/2¢ it taken 1o be & nagative number becsuse

flow occurs from points of high 10 low head; for convenience we
sssume 3h/31 1 positive and omit the minus signfrom the Darey
equation C
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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 occur, would occupy only a small 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 sufficient 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 toinitiate 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,
atleast in portions of the site not tested for saturation
values. Even for the unlikely event where flux 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 remagins
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 105 m3) of
recharge occur there annually in the 6000- to 7000-
foot{(—~1800-t0 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 10 300 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 unssaturated 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 (Spaulding, 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 & 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 probably will be exclusively
through the pores of the rock matrix, end 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 erea 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 @etermining saturated flow
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,::,' where V. is the particte velocity for witef. Kis the
~. hydrsulic conductivity, i is the hydraulic gradient
- (2h/21), and nis the effective porosity of fractures; or
from

Vo=

ain

where F, the flux, is equaltothe hydraulié conductiv- -

ity times the gradient.

. The horizontal component of the hydrautic gradient
inthe central and east portions of the site is generally
. wellestablished as about 0.00034 from observations

of static-water levels in several drill holes throughout
the Yucce Mountain area (J. H. Robison, USGS, per-

. sonal communication) (Figure €), though loca! varia-
_tions from the regional gradient are likely. Prelimi-

nary data on head variations with depth indicate that
the saturated volcanic rocks behave gs an uncon-
fined aquifer because headis nearly constant through

the upper few hundred meters of aquifer thickness -
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" {(J. H. Robison, USGS personal communication).
- Deeperinthe voicanic section, head mayincrease, 88
+ Indicated by measurements in drillhole USW H-1 . .
" {Rush et a1, 1983). A carbonate aquifer occurs ata -
.".’depth of about 1400 min one drilthole, Ue25ptt,and .
. exhibits higher head than the overlying, unconfined
" volcanic aquifer {J. H. Robdison, USGS, personal
..communication). Thus, a confined aquifer may occur
deep beneath the water tedle at Yucca Mountain, but
1+ 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 porosity of fractures, though less wel

. established than the gradient, probably falls within
.. limits ranging from about 0.0005 to 0.005. These -

numbers gre based on celculations of fracture eper.
tures requitedto produce the rock-mass permesability
for & given number of fractures per unit volume of
rock (Table 3). This range is considerably less than

- the estimate by Thordarson{1983) of several percent
" for the eflective porosity of the rock matrix of core

samples and coincides atits upper end with the value

-estimated for fracture-flow systems in tuff by

Blankenagel and Weir (1873).
The range of hydraulic conductivity for rocks along

‘the saturated flow path is more difficutt to determine.
.Carbon-14 ages of groundwater in the vicinity of

Yucca Mountein (Figure 7) indicate that actual
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saturated-flow velocities are about 1 to 5 m/yr{Benson
et al., 1883). These values yield saturated flow times
of 2000 to 10,000 yr for 10 km. Assuming an effec-
tive porosity of 0.002 and 8 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,
1883), which occupies about 30% to 40% of the fiow
path of concern (Figure 3). The rest of the saturated
flow path is through the Calico Hills unit or 6lder 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 10
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 1o 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
avsailable 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 8 few hundred meters in extent (Barr, 1984).In
conjunction with data on groundwater sges, 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 greaterthana
few hundred to a thousand meters or 0.

Another line of reasoning leads to much higher
estimates of effective saturated conductivities.
Because saturated fluxthrough 8 unit area is equal to
the hydraulic conductivity times the gradient, the
values for conductivity assumed above, 1 to 5O m/yr,
vield a unit flux of about 1 x 10-1! to § x 10-10
m3/s/m2for a gradient of 0.00034. According to the

flux estimates of about 2x 10-6and 5 x 107 m3/s per
meter of aquifer width at point locations at Yucca
Mountain (Waddell, 1882), the saturated flow regime
would require more than 1000 to over 200,000 m of
aquifer thickness, a ridiculous range, to transmit the
tota! flux, given a conductivity of 1 to 50 m/yr. Be-
cause the regiona! gradient is known with relatively
high confidence, the tota! flux calcutated by Waddell
{1982) 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 commonly are 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 hydrautic
gradient times the hydraulic conductivity is 1010 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 regiona! 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 hydreulic 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 Mountein area, satu-
rated flow velocities are probably still high and satu-
rated flow times to the accessible environment (at the
end of 2- or 10-km flow paths) short as a resutt of high
conductivities and low fracture porosities. If the high
conductivities calculated from drill-stem tests and
regional flux estimates are not continuous along
individua! flow paths, the total fiux through the satu-
rated zone may be less than currently estimated by
Waddell (1982). In this case, average flow velocity
might be dominated by slow flow throughinterspersed,
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
tiow time from a repository to the accessible envir-
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Mountain, particularly the unsaturated zone, offers a -

highly promising barrier for isofating wastes for very

long times. However, under certain plausible, but
unlikely, conditions of unsaturated llux greater than .
the maximum hydraulic conductivity of the matrix,”

currently believed to be sbout 1 mm/yr, groundwater -

flow from parts of the repository to the water table

might be relstively rapid, though the 1otal amount of

water moving through the repository would remain’

smeall, i.e., 2 few millimeters per year, Only under

such unlikely conditions of flux would the satursted -

flow regime contribute significantly 1o total flow time

to the accessible environment.

3.2 GEOCHEMISTRY

The geochemical information needed for analysis

of repository behavior is that which influences waste
solubility and radionuchide transport. The geochemi-
calconditions of primary concern for waste sofubility
are the Eh, pH, and dissolved solids of groundwater.,
These items are discussed in Section 3.2.1, Condi.
tions that will influence radicnuclide 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 ele-
vated temperatures caused by radioactive decay of
the waste, it probably will be similar at the close of
the containment period {300 10 1000 yr) 1o what it
would be under current, embient temperatures. This
assumption is partof the broader general assumption
givenin Chapter 2, assumption €. It is based on pre-
dictions of temperature histories for a repository in

densely welded tutf (Peters, 1983; Johnstone et al.,

1984; Klasi et 81, 1982; Johnson, 1882; Sundberg
and Eaton, 1982) that indicate temperatures less
than 100°C will occur at the wall of emplacement
holes before the end of the containment period, even
if it lasts only 300 years. Because temperstures of
less than 100°C are not expectedto cause significant
changes in the geochemica! 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

- ““onment if unsaturated flux is less than about 1 " information about geochemical conditions that cur.
" 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 would not significantly affect total -
o flow time evenif the accessible environmentwereto . :
oo oceur atthe end of a 10-km saturated flow path.
In summary, the hydrologic environment at Yucea !

. rently exist in the host rock.

No data are aveailable on the chemistry of water
from the target emplacement horizon because of the

- difficulty of obtaining weter samples from the unsat.

" ursted zone, However, chemica! analyses of water
", 'samples from tutlaceous aquifers in and around the-

' gite have been made (Benson et al,, 1983). Assuming

that water in these aquifers reached its present
chemical condition, etleast inpart, becauseitpassed
through rocks in or similar to those Iin the unsatu-

 rated zone 8t the site, the dissolved solids in the

unsaturated zone should be similar to those in the
saturated rone. 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 8t Yucce Mountain should be interpreted cav-

. tiously in light of the uncertaintlies associated with

the correspondence between unsaturated and satu-
rated conditions.

Generally, the water at Yucca Mountain i1s benign
in terms of its inherent capability to dissolve nuctear

waste in either glass or spent fuel forms (Kerrisk,

- 1984). The content of dissolved solids is generally a

. fewhundred parts per million, predominantly sodium
. cations and bicarbonate anions (Table £). The pH is

neerly neutral (pH = 7) to slightly alkaline (pH < 8 or

 so}(Benson etal., 1863). Estimates of the Eh suggest

that exidizing conditions up to about 700 mV may
occur. These estimates are based on en assumption
that free oxygen is available from the atmospheric
peses 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 s an excellent source

of drinking water. lts potential reactivity with emplaced
waste would, by analogy, be similar to the corrosion
occurring when a drinking glass is filled with aerated
water from a typica! kitchen faucet. During the long
time desired for containment of the wastes inarepos.
ftory, such rates would, of course, slowly dissolve
some of the waste; the analogy is made only to point
outthatwater at Yucca Mountainis not,inany sense,
an unusually corrosive agent.

The solubility of uranium has been calculated by
two geochemical models of equilibrium reactions
using 23 a basis for computation the chemica! char-
acteristics of water from the saturated zone near the
site{see data for Well J-13, Table 4)and on assumed
oxidation and pH sistes (Figure 8). Wollsberg and
others(1982)and Daniels andothers (1882) used the
EQ3 model(Wolery, 1879)to estimate uranium solu-
bilities alone and in the presence of plutonium,



Table 4. Chemical composition of w"avteni samples from selected drill holes in the vicinity of Yucca Mountain
{from Benson et a1, 1983).

Dissolved constituents (mg/f)

Water
Unsite Labora-  Temper- HCO4
pH tory pH  ature KCO Ysbor-
Borenpole (uwnits) (units) (°C) Ca Mg Na X field atory Q S0, Si0, Li Sr F
UE-25De) 7.1 6.8 36.0 19 0.73 53 3.1 1713 158 13 24 53 0.950 0.044 1.5
UE-250r1 7.5 7.5 36.0 17 0.59 46 3.5 139 134 8.5 22 52 0.220 0.038 1.6
UE-Zobr] 7.1 7.7 3.2 18 0.72 4 2.8 133 138 1.5 21 51  0.120 0.087 1.6
UE-29a02 1.2 1.6 25.1 10 0.2 44 1.1 107 112 1 22 4 0.100 0.039 1.0
. UE-29a02 7.0 7.4 22.7 10 0.3 44 1.3 107 110 8.8 21 44 0,110 0.033 .9
3 USH H-} 1.7 1.8 33.0 45 <0.1 51 2.4 - 115 5.7 18 47 0.040 0.005 1.2
- USH G-4 1.7 7.9 35.6 13 0.2 57 2.1 139 143 5.9 19 4  0.067 0.017 2.5
. USK H-1 7.5 8.0 34,7 6.2 <0.1 51 1.6  --- 122 5.8 19 40  0.040 0.020 1.0
¥ USK H-4 7.4 7.9 34.8 17 0.29 713 2.6 1713 1 6.9 26 46  0.130 0.027 4.6
> USW H-5 7.8 1.8 36.5 1.9 0.01 60 2.1 126 124 6.1 16 48 0.062 0.009 1.4
£ USW He> 7.9 8.0 3.3 2.0 <«0.01 60 2.3 127 124 6.1 16 48 0.071 0.004 1.4
: USK Heb 8.1 8.3 r.e 4,1 0.09 86 1.3 182 188 7.6 29 48 0,082 0.008 4,7
' USH VH-1 1.9 8.0 3.2 11 1.6 19 1.9 167 158 1 48 5  0.090 0.070 2.7
USW VH-1 1.5 7.9 35.5 10 1.5 80 1.9 165 158 10 a5 50  0.090 0.070 2.7
USW VH-1 7.5 8.0 3.5 9.9 1.5 718 1.8 162 158 10 44 49 0.090 0.060 2.7
"< J-12 7.1 - 21.0 14 2.1 38 5.1 --- 119 1.3 22 54  0.080 0.010 2.1
J-13 .2 31.0 12 2.1 42 50 - 124 .1 17 ST 0.080 0.020 2.4
¢
3_
%
g . . eqr . 2+ .
3 102 T T y T J 100 increases, or if the equilibrium constantof PuCOj3 , is
y En * 400 and 700 my low (freeing carbonate in solution), the solubility of
E\/} e 7 402 uranium increases (Figure 8). Using another geo-
i chemical mode!, MINTEQ (Felmy et al., 1984),
AL o €h - 200.400.snc 788 mv | Thompson and others (1984} calculated uranium
! o!h*’“lﬂv 1w = heac -6 10_11 '/! ' Eh
: €n: 100 mv 3 solubilities of about 10-° t0 5 x mo or
3 wel Juoe & values ranging from 788 to -400 mV, respectively,
E Eh--80mVO : and a pH of 7.5 (Figure 8). These calculations indicate
: WOk gn..200mv o En e ~400my oo § that under the probable pH and Eh conditions of the
" 3 host rock at Yucca Mountain, the solubility of ura-
A § J o nium in spent fuel would be less than about 10-4
] L ool :'::}mm.,.,,....,w mol/2 and perhaps as low as 106 or 10-7 mol/!1.
e 0 7hco] Jon fFrom assumption 5, Chapter 2, the annual dissolu-
I idiphiiar W tion rate of uranium, DR, will be
%5 0 1 L A i 10
f so 80 70 0 00 100 DRuz su' Q (5)
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Figure 8. Solubilities of uranium calculated for various Eh andpH
conditions inwater with 8 composition similar tothat from Yucca Mountain
(J-13 water, see Table 4); (from Wolfsberg et al.. 1882; Daniels et
al.. 1882; and Thompson et al., 1984).

Because plutonium tends to tie up most available
carbonate as PuCO?", fess uranium carbonate gets
into solution than when plutonium is not present. As
a result, uranium solubitity for a pH of 6.9 and an Eh
range of 700 to -200 mV was calculated to range
from about 3.4 x 106 to 1.6 x 10-'! mol/! in the
oresence of plutonium and from about 3.0 x 104 to
1.5 x 10-1! mol/¢ if plutonium is absent. As the Eh

where S is the solubility limit of uranium expressed
in kg/m3 of water (mol/? x 0.238 kg/mol x 1000
1/m3) and Q is the annual water flux in cubic meters
interacting with the waste. For other waste species, i,
the annual dissolution rate, DR,, is then

DR;=DR, {M/M ] (6)
where M, and M, are, respectively, the mass of ura-
nium and the mass of species i in the spent fuel. An
implicit assumption in this equation is that the
release of all radionuclides from the repository will be
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" hmited by the solubility of uranium. This essumption ﬁ
is probably conservative because some waste spe«’
cies have lower solubilities than uranium (Kerrisk,

1984) For species with higher $olubilities than ura-

nium, including ceswwm and technetium, both the -

kinetic mitations on dissolutron retes in flowing

. water andthe generally homogeneous distribution of

many of these species in the spent-fuel matrix are

likely to slow eflective dissolution rates 1o values

more nearly congruent with uranium (Kerrisk, 1984,
Braithwaite, 1884) Some species with higher solu-

bilities than uramum may be somewhat segregated

in the spent fuel, including carbon in the ircalloy
cladding. iodine in the gaps between the fuel and
cladding. and cesium in the fuel itsell.

The oxidizing nature of the groundwater is a potens -
tially adverse condition at Yucca Mountamn that

requires special sttention However, the Jow flux of
water, in combination with potentially reducing
environments provided by steel gnd nircalioy in the
engineered barriers, will, i att hikelihood, adequatetly
compensate for the ambrent oxihizing environment

3.2.2 Racdionuclide Retardation

In terms of potential effects on racdionuchde trans.
port, the geochemical enviconment 1s, perhaps, one
of the most favorable aspects of the Yuccs Mountsin
site. Assuming that groundwaetes flow, in conjunction
with hydrodynamic dispersion, sets an upper limit on
the velocity for dissolved racionuclides to move awey
from & repository, gecchemicatl and related physical
interactions among the wastes, groundwater, and
surrounding rocks can only enhance site perfor.
mance by slowing radionuchide movement. Processes
such as minerss! precipitation, lon exchange, absorp-
tion, and edsorption will slow the movement of rad-
lonuclides relative to groundwater flow. The charac-
teristics of the rocks at Yucca Mountain are highly
conducive 10 alt these resardation processes. Though
the diffesrences among these processes 8re fecog-
nized, their combined effects on radionuclide move-
ment are commonly referred 10 in this ceport as retar-
dation, recognizing that the term sorption is generally
ceserved for a specific subset of reactions.

As mentioned in Chapter 2. sssumption 10, the
velocity of radionuclide movement selative to ground-
water movement through the rock matrix is obtained

by & retardation factor, Rd. For a particuler radionu- A

clide, ), assuming equilibrium conditions:
Rd, = Kdfy/n}s 1 (¢4

where y is the butk density of the rock and n is the
effective porosity, and Kd is the sorption ration,

2

which depcnds onthe rock and the redionuclide. The
~ average velocity for 8 particular radionuclide, V, is

then »
V,=V, /Rd (8)

where V,, is the average particle velocity of water.
The relatively high porosity of the tuff units (Table
3). combined with the genersally small size of the
pores, oflers a farge surface eres for geochemical
andphysicalinteractions between the rock and mov-
ing radionuclides. At Jeast in part because of this
structural fadric, sorption of radionuclides by the
tufls 83 Yucca Mountein, independent of mineralogi-
cal composition, will in all likelihood be very high.
Values for the sorption ratio, Kd (expressed in mi/g).,
are generatly more than 100 for cationic waste spe-
cies, including cesium, strontium, plutonium, ameri-
cium, banum, and tin (Tadle §). For anionic species,
such as technetium, iodine, and carbon, sorphion
ratios sre generplly low. 1.e., less than 1, end may be

Table 6. Representative sorption ratios, Kd's, of
selected radionuciides in the matrix materials of
different rock units 8t Yuccs Mountain tfrom Daniels
et a1, 1082; 1983).
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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 aKdof 1. ForaKd
of 100, the radionuclides will move about 5 x 104
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 + AKs, (9)

where A is the ratio of surface area to void volume
along fractures through which flow occurs, andKa is
an expression of Kd in terms of ml/cm?2 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 +(2Ka,/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 g 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 proportionaily increase or
decrease, respectively.

Effective retardation along fractures is likely to be
much greater than actua! retardation provided by
sorption alone. The potentiat 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 likelihcod 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 show that diffusion may pro- |

vide delay factors of several hundred for nonserbing

species and seversl thousand for sorbing species. in

summary, ample evidence indicates that the geo-

chemical conditions 8t Yucca Mountain will strongly -
- inhibil the movement of radionuclides toward the

accessible environment by both sorption and diffusion.

3.3 ROCK CHARACTERISTICS

The rock properties refevant for assessing reposi-

tory behavior generally are related to the changes
csused by repository development in the ability of the
rock to transmit water toward and gway. from waste
sndthe changes in water chemistry that might affect
waste solubility. For the purposes of this report, these
properties are restricted to the thermal 2and mechani.
cal properties of the rock matrix and exclude existing
structures such as fractures, {aults, and stratigraphic
features These latter types of rock-mass features are
sddressed under geohydrology {Section 3.1) in the
context of thewr effect on groundwater movement and
s prediction. For thus discussion the rock character-
istics of primary concern are thermal conductivity,
thermat expansion, and rock strength.
" Thevertical and lateral extent of rocks with proper-
ties amenable to accommodating the effects of repos-
tory construction and heatfrom the waste is another
concern for rock characteristics. The varigbility of
rock properties within 8 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 &8 rock mass with a2 set of properties within
these thresholds, the greater will be the flexibitity for
reloceating waste emplacement sress during design
or construction should it become necessary to avoid
scme local, undesirable rock eonditions. Mansure
and Ortiz (1984) addressed this concern and con-
cluded that considerable flexibility in the placement
of waste is provided by the laters! extent of the host
rock. We assume that emplacement will occur within
the ares 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
srea. 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 Topopsh Spring
Member indicate that the host rock will adjust to
repository-induced perturbations without causing
significant changes inisolation capabilities. The ther.
mal conductivity of the host rock is about 2 W/m*C

24

{Johnstone et gl., 1884). This Is sufficient to trangmit
heat from the waste rapidly enough to keep rock
temperatures below 100°C a few meters to s few

" tens of meters sway from the waste canisters for
' emplacement densities up to about 25 thermeal W/m2
{100 kW/acre) (Figure £8) (Johnstone et al., 1984;

Peters, 1983; Kiast et al.,, 1982; Johnson, 1982;
Sundberg and Eaton, 1982). The actual emplacement
density is expected to be much lower than 25 W/m?
2s indicated in assumption 3, Chapter 2 and evalu-

- ated for Figure 8A. Thus, in support of the assump-

tiondiscussedin Section 3.2, the effects of repository
heat on waste solubility. even at unrealistically high

 emplacement densities, are not expected to be signif-
icant after the containment period.

Inthe context of the natura! stress environment at
Yucca Mountain gnd 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 8 repository. Shear
movement slong existing fractures should be hmited
to rocks within a few meters of the emplacement
drifts (RE/SPEC, 1982; Johnstone et &l., 1984).

Zeolite minerals, which occur in abundance in por-
tions of the Calico Hitls unit 50 mor more beneaththe
potential emplacement horizon, tend to dehydrate
with increasing temperature. Temperatures 1n the
highly zeolitic rocks are expected to peak 2t about
85°C 1000 yr gfter reposiory closure, thus always
remaining below temperatures that would induce
significant shrinkege of minerals and stiendant
changes infracture apertures (Figure 10) (Johnstone
et al,, 1884; Klesi et al,, 1982; Smyth, 1982). As a
resuit, little or no change is expected in the hydro-
logic properties of the host rock or surrounding units
duetofracturing from either construction of a reposi-
tory or heat generated by radicactive decey of the
waste.

Evenif 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
onthe relation between the matrix hydrautic conduc-
tivity and total water flux. Neither the hydraulic con.
ductivity, density, nor the focation of fractures will
greatly influence the partitioning of water flow
between the rock matrix andthe fractures; therefore,
neither the amount nor the velocity of water reaching

orleaving the reposhtory should be noticeably affected

by creation of newfractures or the opening or closing
of existing fractures. For the portion of flux, if any,
moving through fractures, fiow velocities probably
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Figure 9. Vertical temperature profiles for a repository 800 m deep in densely welded tuff of the Bulifrog Member (see Table 2).
ambrent temperature at the current reference depth of about 350 m in the Topopah Spring Member is sbout 20 degrees C less than at
depths assumed for the calcuiations (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 Kiasi et al., 1982).
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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 may or may
not affect the velocity of water movement. Such
changes, in 8ny event, would occur only within a few
tens of meters, 81 most, around the wastes end would
have negligible effects ontotal flow time betweenthe
reposilory and the accessible environment.

The potential liberation of water under heating of
mineral, especially zeohites that meake up some of the
tulls of Yucca Mounta:n, may increase the volume of

from the waste. However, zeolites only occur tens of
meters below the repository horizon where tempers-

26

freely moving liquid water in rocks severs! meters.

ture increases and the associeted eamounts of hber-
ated water are expected to be small. Near the waste,
pore water would tend to be driven cutward from the
waste during the period of increasing temperatures
(Pruess and Weang, 1983). During cooling, this water
may migrate back toward the waste, eventually rees:
tablishing the leve! of saturation that existed before
waste emptacement. Thus, by the close of the con-
tainment period (300 to 1000 yr), the geochemical
andhydrologic environments sre expectedtobe sim-
ilar to those now occurring. As a result, we do not
explicitly sccount for potential changes in ambient
conditions induced by repository activities for ana-
tyses of performance described in the following
chapter.
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CHAPTER 4. PERFORMANCE IN RELATION TO
REGULATORY REQUIREMENTS

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 tothe NRC 1000-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 Section4.2 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. BrannenandY.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 118 and varies from more
than 100 m in the east to just under 50 m in the west.

j
'
I
I
I

NTS

-

A) Repository to water table * -

B) Topopeah Spring Unit below
repository

C) Calico Hilis Unit below
repository

Figure 11. Contours of the thickness of unsaturated rock beneath the proposed repository ares; Parts B and C represent component

thicknesses of the total thickness shown in Part A {from IGIS, 1984)
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As discussed in Section 3.3, temperatures at the
edge of the disturbed zone where it has 8 minimum

thickness of 50 m will reach a maximum of about’
85°C about 1000 yr after emplacement of the waste.

This compares to an ambient temperature of about
30° 10 40°C at the base of the Topopah Spring
Member. The NRC defines the disturbed zone &8s the
region around a repository where changes caused by
repository development would signilicantly affect
racionuchde transport (NRC, 1983). Because no
mechanisms have been identified that suggest how
anincrease in temperature from atout 40° 10 85°C
or less would significantly alter the transport of ra-
donuchdes, particularly inthe unsaturated zone, this
definition of the chsturbed-2zone boundary provides &

conservative basis for calculating groundwater travel

times

We assume three cases for the delinition of the
accessible environment. All are based on definitions
proposed by the EPA The first case (Case A)is based
on anunpublished working draftof 40 CFR 181 (EPA,
1984), which can be interpreted to require the
accessible environment 10 include the saturated
aquifer immed:ately beneath the repository. Though
we believe this is an unnecessarily restrictive defim.
tion, considering the historical land-use contro! at
the Nevada Test Site and more economical access 10

water supplies from the same aquifer in the basins

immediately surrounding Yucca Mountain, we use it
2s 8 conservative case The flow path of concern for
this case is composed of only the vertical, unsatu-
rated flow from the base of the densely welded tuff to
the water table, i.e., flow through the unsaturated
Calico Hills unit (Figure 3). In detail, the actualpath to
the aquifer underlying the host rock may include
some vertical or inclined flow through some unde-
termined thickness of poorly trangsmissive rocks just
below the water table or some inclined, tortuous, or
locsally lateral flow in the unsaturated zone. For sim.
plicity, however, we conservatively assume for Case
Athatthe water table (actually, the composite poten-
tiometric surface observed as static water levels in
wells) constitutes the accessible environment and
coincides with the top of 2 herizontally flowing,
unconfined aquifer in the saturated portion of the
Calico Hills and ofder tuff units. The thickness of the
unsaturated rone beneath the disturbed zone, as

defined, varies throughout the Yucca Mountain site

end generally exceeds 100 m (Figure 11, Part C). We
assume the flow path of concern for Case A Is com-
posed of 100 m of the unsaturated Calico Hills unit.
This is a conservative assumption because the
100-m thickness of unsaturated Calico Mills unit
occurs where the thickest section, more than 100 m,
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of unsaturated Topopah Spring unit underlies the
potential repository (Figure 11),

The second case for defining the 2ccessible envi-
ronment (Case B)is based glso on the working draft of
40 CFR 191 (EPA, 1984). For this case the boundary
of the accessible environment is assumed to occur
2 km in 8 horizontal direction from the waste.
emplacement area. For our analyses weinterpret this
to mean that the accessible environment occurs in
the saturated zone atthe endof 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,
plus 2 km of horizontal flow in the saturated zone
{Figure 3) Assuming that the 2 km of horizontsl dis-
tance corresponds 10 2 km of flow path means that
we take no credit for tortuous saturated flow.

The third case (Case CJ is based on the published,
proposed version 6f 40 CFR 181 (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 andC
by assigning 8 200-yr flow time in the saturated zone
to Case 8 and 8 2000-yr flow time to Case C. Though
the diflferent flow times in the saturated zone for
Cases B and C are generally intended to acdress
slternative definitions of the accessible environment,
they also may be interpreted 10 encompass uncet-
tainty in flow time for 8 path of fixed length caused by
uncertainty about hydraulic conductivity and effec-
tive porosity.

Results of groundwater travel-time calculstions for
elithree 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 1 in Section 3.1.3. An effective porosity
of 0.1 was used to provide & conservative basis for
flow velocity through the matrix material of the zeo-
litic Calico Hills unit. Flow time is obtained simply by
dividing the velocity by the flow distance of 100 m. As
pointed outin Section 3.1.2, flux through the unsatu-
rated zone probably is limited to & 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 unsaturated part of the flow path (Figure 12, Case
A) may be conservative for values greater than a few
tenths of & millimeter per year. If the 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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FLUX THROUGH THE UNSATURATED ZONE (mm/yr}

Figure 12. Fastest groundwater fiow times from the disturbed
zone to the water table (Case A), to the end of a 200-yr saturated
flow path (Case B), and to the end of & 2000-yr sstursied flow path
(Case C); all cases based on 8 likely flux through the unsaturated
one of less than 1 mm/yr.

of the 1000-yr requirement, even if the accessible
environment occurs at the water table immediately
beneath the repository {Figure 12, Case A).

For all conditions of flux through the unsaturated
zone, flow time in the saturated zone is assumed to
be a constant of either 200 yr (Case B) or 2000 yr
{Case C). Flow time in the saturated zone, Ts, was
determined by considering the site properties
expressed by the equation:

-1
T,=0(K') (1)
n

where D is a flow distance of 10 km; K is the saturated
hydraulic conductivity of either 30 or 300 m/yr and
represents alternative bulk-rock-mass conductivities;
i is the hydraulic gradient of 0.00034; and n is an
effective fracture porosity of 0.002. The saturated
flow times used for generating Figure 12, 200 or
2,000 yr, are similar tothe values of 196 and 1961 yr
calculated using Equation 11. They were simply
added to the unsaturated flow time for Case A to

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
2eohitic 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
diverted horizontally through material with a horizon-
tal conductivity corresponding to the excess flux untit
it encountered a zone, assumed to be a fracture,
where the vertical conductivity is sufficient to pass
the excess flux vertically to the water table. The vitric
Calico Hills unit is able to vertically transmit all
unsaturated flux up to several hundred millimeters
per year through the matrix, so flow times from por-
tions of the repository above the vitric unit would
remain more than 10,000 yr even if flux exceeded
1 mm/yr. To move vertically through the zeolitic
Calico Hills unit, water in excess of about 1 mm/yr
would have to move down fractures with effective
porosities much lower than the matrix {assumed for
c3lculations to be 0.001 compared to 0.1 for the
matrix). Flow time would be reduced correspond-
ingly. The effects of this unlikely condition are shown
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
the accessible environment is very sensitive to
whether flux through the unsaturated zone can be
transmitted by the matrix or whether it must move
through fractures. if some flow in the unsaturated
zone is entirely through fractures, flow time along the
fastest path to the accessible environment, i.e.,
through the zeolitic Calico Hills unit, would be domi-
nated by saturated flow (Figure 13, Cases B andC).In
this event, thé accessible environment would have to
occur several kilometers, perhaps the full 10 km,
horizontally from the repository for the site to meet
the 1000-yr flow-time requirement. As flux through

29




<]
»

4

N

.

‘V‘

-

23

£

PRI 4
t

4

S, 3

T : Unsaturated Zone ) .. UnssturstedZone = | <1
. ..I » 1 ) DR SEBE BN BN I]A " l _'J“__l‘ _ 5*1 ilj T rl -
oW
S 105k :
=
X ool
8 4 3
F z £ :
g = I CASEC ‘
m sg ¢S 606 5 068 8 & 8 60 000 8 ¢ &0 > o s s e
o103 grd ;
H ol
. Z 102§ i R 2
& & CAsg 4 -
. O =2 '
a ) 101 o
S o
| = 3
100 | —t 5?"_4?2_,_‘,,.1 L ] PO SO BTSN | -
10-1 100 101

4

‘
L d
[ ) £
e g
e
DT WA, N

———

FLUX THROUGH THE UNSATURATED ZONE (mm/yr)

Figure 13. Groundwster Nowtimes for Cases A, B, and Clsee un)undofml&mdondnm of fluxwp 10 20 mm/yr, adruptehange
flow imes a1 & llux ol § mm/Zy?r corresponds 10 8 128nsition in the unsaturated sone between flow entirely in the Mmatrx pores and flow
in both Iractures and matrix pores: flux greater than 1 mm/yr peldt much shorter fliow himes Wough fractures in the unsatursted

rone accounting for the adrupt ehange

the unsaturated zone increases, tote! flow time -
approaches flow time for the saturated zone slone.
Accordingly, the value of etfective hydraulic conduc.
tivity inthe saturated zone Is a major source of uncer-
tainty about the tota! 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 Mounteain
- gite easily satisfies the NRC and DOE requirements
- for 8 1000-yr groundwater flow time to the sccessi-
*  ble environment under the most likety conditions of
" flux through the unsatursted zone. This is true
-whetherthe accessible environment weretooccurat
the water tsble or at the end of either 8 2- or 10-km
flow path in the saturated zone, because flow time is

e X

Lo 30

likely to be dominated by slow percolation of water
through the rock matrix in the unsaturated zone.
Under untikely conditions of unsaturatedfiux of more
thanadout § mm/yr, flow time theough the saturated
zone would be the masjor eomponent of tota! flow
time.

The 1| mm/yr value for ﬂux. above which signifi-
cant fracture flow would occur, generally corre-

* - sponds 1o the saturated hydrautic conductivity of the

Topopah Spring and zeolitic Calico Hills units.
- Because the aztual transition value varies within
each unit and among different units, intervals of 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 disposa! 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, 1881; Herzog et al., 1982; Rose-
boom, 1883). 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, 1883).
Compliance with the NRC’'s release limits will
eventually be assessed by giving proper considera-
tion to engineered barriers. The design detzails 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. Allwater 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 tota!l 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 & 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 8s 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. A1l three cases require some mechanism, as
vet 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, allthree cases provide a
highly conservative basis for estimating potential
releases from the engineered-barrier system.

As outlined in Chapter 2, assumption 8, and des-
cribedin Section 3.2.1, we assume that releases into
the water are controlied 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 10-4kg/m3 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 volumae of interacting
water. For example, if 2.5% of the total flux were to
contact the waste, Case 1 wouldrepresent a uranium
solubility of 4 x 10-5kg/m3; Case 2, 4 x 10-4 kg/m3;
and Case 3, 4 x 10-3kg/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, 1883, McCright st 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 kineatic 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
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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 10 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
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Figure 14. Annual volums of water contacting all of the waste in
tha repcsitory and tha corresponding total amount of waste
dissolved for a uranium solubility of 4 x 10 xg/m3 of water as a
function of flux up 10 1 mm/yr through the unsaturated zone;
Cases 1, 2, and 3 represent different amounts of total flux
interacting with the waste {ses text); the three cases also may be
interpreted to represent order -of-magnitude variations in uranium
solubility for a singie amount of interacting water.
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Figure 15. Annualmass-fraction of radionuchdes dissolved at the
repository by flux through the unsaturated zone of iess than 1
mm-yr. Cases 1, 2. and 3 represent ditferent amounts of the total
fiux 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 dependon 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 1o interact with the waste. For
unlikely flux values vp 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

R= —T:'; G(t) (kg/yr) (12}

10-5

10-6

107

108

ANNUAL FRACTIONAL RELEASE RATE
(kg dissolved per yr / to1al kg of waste)

o

| i 1 1

1012 '
0.0 40 80 12.0 16.0 200

FLUX THROUGH THE UNSATURATED ZONE
{mm/yr)

Figure 16. Annualmass-fraction of radionuclides dissolved atthe
repository by flux of up 10 20 mm/yr; Cases 1, 2, and 3 represent
different amounts of the totat flux interacting with the wastes (see
text}.

where g is the annua! volume of water contacting the
wastes in m3, s, is the solubility of uranium inkg/m3,
m(t)isthe total mass inkg of uranium in spent fuel at
sime t, and G{1) is 8 function representing the history
of containment. Assuming congruent leaching, the
fractional release of mass for individua!l 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 fractiona| release rate is essen-
tially constant in time, assuming q and s, are con-
stant and G(t) equals 1. This constancy holds only
when q times s, is very small compared to m,(t), so
mass loss of m (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 {t = 10 yr from
Table 1) to calculate fractional releases.
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dissotve all spent fuel in a repository is plotted for the
likely range of flux, i.e., up to 1 mm/yr. This figure ::*

- suggests that billions of years would be required to . _
. dissofve allthe waste in a repository if current condi-:* - -
._uons prevailed. Of course, site conditions will
change, perhaps dramatically, over such long times,
and the wastes will have decayed to insignificant
levels of radioactivity. The predicted total feach times
- are shown only 1o indicate the very slow refeases
expected during the next tens to hundreds of thou.

sands or perhaps millions of years during which con.
ditions will probably remain qrossly similar to those
occurring today

Release rates shown in F:gures 14 through 17 are

based implicitly on an assumption that all waste

packages fail instantaneously, simultaneously, and
completely, i.e., release wastes 10 the limit set by’
uranium solubility. This is represented mathemati.

cally by assigning a value of 1 to G(t}in Equation12. A -

more realistic scenario is that most packages will
completely contain all wastes for 8 given time but a

1012
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TWE REQUINED TO DISSOLVE ALL WASTE {yr)

108

‘os [ 1 J | [] ]
00 0.2 04 X 3 08 10

FLUX THROUGH THE UNSATURATED ZONE (mmsy?)

Figure 17. Totattime requiredio dissolve ati waste ina repository
&t Yucca Mountgin if current conditions prevail; Cases 1,2,and 3
represent different smounts of the to1a! flux interscting with the
wastes (see text)
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- Figure 17 expresses the mass-dissolution rates ..
.-',*:_‘anomer way. In this figure the total time requiredto . -

" fewwill have stight flaws that aliow small smounts of
" waste to escape as soon as water contects the canis-
E - ters. As time progresses, more packages are likely to -
{ailli.e., begin releasing their contents) until the max-
i . imum rate, determined by uranium, solubility, is

reached. This process of progressively decaying con-

" tainment may be represented by G(t} in Equation 12,
" describing 8 constant failure rate that is the recipro-

cal of the time during which 63% of the canisters

" have fsited, referred 1o #s the mean time-to-failure.

The corresponding release rate would be propor-

‘tional to 8 cumulative distribution in time (see
- Appendix A, Equation 8). Because we do not know . .- .

the proper dascription of waste-package performance,
we chose a simple exponential distribution with 8
mean time-to-failure of 10,000 yr, 8 conservative
time required 1o corrode the siainless steel canisters

i and zircaloy cladding that wnll surround and protect

the spent-fuel matrix.
Figure 18 compares the trends of fractional release

.. rates of waste mass for progressively decaying waste
packages and for waste packeges that are 100%
_ effective until complete failure 300 or 1000 yr after
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Figurs 18. Annusimass-fraction of waste dissolvedas s tunction
of time by 2.6% of e totaf flux 61 0.5 mm/yt for 300- and 1000-yr
waste peckages and packages with an exponentislly incressing
loss of containment.
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repository closure. Though all radionuclides will
begintodissolve 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 mightbe limitedto a
few percent of releases from instantaneously failing
packages (Figure 1B). Mass releases would then
remain lower until several tens of thousands of years
after ciosure, 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 aiready
exist, i.e., zircaloy cladding, or are necessary to han-
dle and emplace the waste in arepository, 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
8s 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 unreaglistic 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 to the 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 1o
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
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Figure 18. Ratioof the NRC release-rate limits of curies dissolveo
atthe repository by 2.6% of a tota! flux of 0.5 mm/yr; release ratios
shown for individua! radionuclides (lower curves) and all radio-
nuclides in combination (upper curve).

35



D —— .
Pt 4_4'-::17.1 e

o
. *

L4

,‘.
.;:

, - Nl
- . \-.“ .\‘-‘.\

AL
e "

say

" limit. Curium-244 also would be released at c"el'a-‘v i
. 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.

clides would dominate the early total releases shown v Kf ’
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 1 million yr, indi-:
cating the negligible effect thet complete contsin-
ment for an arbitrary period longer than about400yr ' -
would have on eventual release rates. The longer-::- '
term, nearly constant tota! release rate, sbout one - -
thousandth of the sum of the NRC limits for individua!l -

- radionuclides, would be dominated for about 10,000
_yr by long-lived isotopes of ¢arbon, 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. Refease rates of several - -

nuclides, including C-14, Pu-239, Pu-240, Pu-242,

Cm-245, Am.241, Am.243, and Cm.246, would . .

decay to negligible levels during the first 100,000 yr

following closure, whereas release rates of U-233, -

Ra-225,Ra-226,Pb-210,2and Th-229 wouldincrease
to more than 1% of the total by 1 million yr after

-+ closure. Several nuclides, including Ni-59,1.128, U- .
© 235. and Pu-242 would never exceed more than
" about0.1% of the total release rate.Innocase would

the release rate of 2 single radionuclide exceed one

ten-thousandth of the NRC limit during the first mit-

lion years. The relatively large releases of zirconium,

plutonium, and americium nuclides shown on Figure
19 probably overstate likely releases, because these
eleménts will probably be much less sofuble 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.

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 |

measure for 300-yr, 1000-yr, and exponentially decay-
ing waste packages. Any of these forms of waste

package behavior would limit the initial high release

rates indicated on Figure 19 to levels well befow the
NRC limits by prohibiting or Inhibiting releases of
short-lived nuclides.

Yet another way to express expected performance

" at the repository is shown in Figure 21, This figure

plots a three-dimensional representation of the ratio
of cumulative curies dissolved and remaining in solu-
tion at any given time to the EPA release limits as a
function of the likely range of flux through the unsat.
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Figure 21. Rstio to the EPA fimits of to1a! curies dissolved at the

- repository by a tota! flux of up 16 1 mm/yr; thres cases for dilferent

amounts of the tote! flux contacting the waste are represented by
the three vertical axes of the graph (fe't vartica! exis for Case 1 or
0.25% of the tots! flux, eight axis for Case 2 of 2.5%. and rear axis
for Case 3 or 25X ) plot assumes complete containment for 300 yr
and accounts for the decay of radioactivity atter the wastes have

" digsolved. -
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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
teft and right axes, respectively, on Figure 21}, the
total curies outside the waste packages at any point
in time would remain fess 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.

ln 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. lf 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. Actualrelease 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 stendards
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;
1884). 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 g 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 individua! 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 b 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
10,000-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). It follows that no radionuclides
would reach the water table for about 30,000 yr after
closure of the repository (Figures 22 and 23). The
additiona! 10,000 yr represents 8 300-yr period of
complete containment within the waste packages
and, more significantly, groundwater trevel 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 50to 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.

Rd for Matrix

Rd for Fractures

Element Kd (emdzg)() xa (g/em2)(8) zeoritic(5)  viteic(6) Unsaturated(?)  Saturated(®)
Am 180 1.8 x 10°4 3600 1800 1.4 1.0
c 0 0 1 1 1.0 1.0
cn 180 1.8 x 104 3600 1800 1.4 1.0
Cs 290 2.9 x 104 5800 2900 1.5 1.0
1 0 0 1 1 1.0 1.0
Ni 100(2) 1.0 x 104 2000 1000 1.2 1.0

, Np 1 7.0 x 10°8 140 n 1.0 1.0
Pa 64 6.4 x 1075 1300 540 1.1 1.0
Pb 5(2) 5.0 x 10°6 100 51 1.0 1.0
Pu 64 6.4 x 1079 1300 640 1.1 1.0
Ra 900(3) 9.0 x 104 18000 9000 2.8 1.2
sn 170 1.7 x 104 3400 1700 1.3 1.0
sr 53 5.3 x 10-5 1100 530 1 1.0
Te o.g 3.0 x 107 ? 4 1.0 1.0
™ 580(2) 5.8 x 10°4 12000 5300 2.2 .1
u 1.8 1.8 x 10-6 37 19 1.0 1.0
Ir s00(2) 5.0 x 1074 10000 5000 2.0 (]

(1) Unless otherwise indicated, distribu;ion coefficients were inferred from soption ratios given by Daniels et al.

(1982, 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).

{5) Calculated from Eq (7) using ¥+ 2, n = 0.1,
(6) Calculated from €q (7) using 9= 2, n« 0.2.
(7) Calculated from Eq {10) using b = 10 um.

(8) Calculated from Eq (10) using b = 100 um.

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
ralaases for a flux of 0.5 mm/yr during the next
100,000 yr would constitute only about 10-6(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
Reasearch Council (1983) that tha curie release limits
based on population dose, as proposed in the current
EPA standards, are not idea! surrogates for estimat-
ing health effects cause by a repository. Howaever, 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,
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assuming a flux of 0.5 mm/yr. The cumulative curies
released to the accessible environment from Figure
23 are shown on Figura 24 for comparison. Only two
radionuclides, |-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 I-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 relsase 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 haif life is about 5700 yr, it will decay to
insignificant levels soon after it arrives (Figure 24). .
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Figure 22. Ratiotothe EPA limits of total cumuiative curies reach-
ing the water table during the 10,000 yr ahter repository closure for
fluxthrough the unsaturated zone of up to 1 mm/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 8 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 tareach the water
table within the first 100,000 yr after repository clo-
sure. Such species include sll other radionuclides
considered in our calculations (Table 6). Even Tc-99,
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Figure 23. Ratio to the EPA limits of total cumulative curies and
curies of individual redionuclides reaching the water table (low
curves) and tota! curies dissolved st the repository and remaining
in solution {(upper curve) during the 100,000 yr after repository
closure for a tota! flux of 0.5 mm/yr and contact with the weste of
2.5% of this tota! flux (see right hand axis, Figure 22); the total-
curie curve corresponds to the line accentuating 0.5 mm/yr fluxon
Figure 22; 300-yr weaste 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-98 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 &s
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" hazards from spent fuel during the first few hundred
years after removat from the reactors, predominantly .
- cesium and strontium, will be completely contained ' :
Y. within the immediate vicinity of the repository until-*
" they have decayed to innocuous levels of radiotoxic-
ity. Long-lived ectinides and their short-lived daugh- ;.
- ter products, primarily radium, will be the main::

140 based on a relatively low Kd of 7, will not reach
~the water table for more than 4 million yr. Other -

'l

: * precursors to radium, except uranium, will be so
it “strongly.sorbed that they will not reach the water ,_: ;
:i " table for tens to hundreds of millions of years. By this '
'“;" " time they will have decayed to the extent that little
Ef{ . -eadium will be formed in the saturated zone. Radium

oy,

‘is 50 strongly retarded (Table 6) that whatever is
=~ formed "along ‘the flow ‘paths .will be effectively
fetained in the unsatumed zone until it essentially

' ;j unsaturaled zoneYof 0.6 mm/yr. 300-yr waste pack-
. SOwith e RAlRe ‘ L

individus! radionuclides remaining below the water table for the .
same condition as Figure 23; upper curve shows total cumulative | -
- curles relessed o the water table and, for comparison, isthesame .

- for techneuum ltisclear !rom Tabte 7 that the short-f'-:‘- : k
lnved fission products responsible for most of the ' -

. sources of hazards for longer time periods. Most acti- -

- - nides are sufficiently retarded that they will be cono;.'[ :
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'tunium. with an assumed retardation of more than
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* sure. We assumed that a given percentage of the
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decays awav. Uranium. with a Kd of only 1.8, will -

-:, crrive atthe water table in about 1 millionyr, stwhich 1",
- time U-238 will be the only remaining uranium par- -
-, entspecies of significance for radium. The amountof '~
- radium in equilibrium with U-238 will remein very - e

* low because of the long-lived decay chain. - ,

- Considering .that we used conservative flux and -
retardation values of 1 for iodine and carbon and -
wnored hydrodynamic dispersion and diffusion of

~radionuclides in the rock matrix, it is likely thateven -
" less radioactive waste than shown by Figures 22 =~ .
through24willreaehthawatertableatYuccaMoun- R

" total, vertically ‘moving flux will intercept and react -
"with the emplaced wastes (see the three separate
vertical axes onFigure 22). Addntlonally. we implicitly oy

sectlopal area of the rock mass transected by vertical



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. Diffusionin
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
80; 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 emounts 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 efiects of fracture-fiow (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 reieases 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-
cussedin Section 3.1.3 and analyzed in Section4.1,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 aresult, 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 108m2. 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 108 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 Spring4
unit | Repository ~ |
[} \ Topopah Spring
x meiters‘ unit
g ! 50 m
Path C i <
Vitric PathA/ APathB
Calico Hills < 250m
unit Zeolitic
100m Calico Hills
unit
. 1 Table y J
Path A: Fracture flow for flux in excess of 1 mm/yr, identical properties assumed tor
- 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 wel|
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 fiow as dis-
cussed in Section4.2. 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
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Figure 26. Ratioto the EPA limits of t1otal curies remaining below
the water table for 100,000 yr as released by three pathway types
caused by 8 flux of 5 mm/yr {see text) and interaction of 2.5% of
this flux with the wastes; 300-yr waste packages assumed,
ssterisk indicates cumulative releases to the water table st 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 fiux 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 10,000
yr. The reference flux for fracture flow of 5 mm/yr is
accentuated on all four parts of Figure 27. An upper
limit on fiux of 20 mm/yr was selected as a highly
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vitric Calico Hills Unit B, and C)

Figurs 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.
r.olusa ratios shown for thres pathways caused by fracture flow conditions (Paths A, B, and C, ses text) and for total releases (lower
right): 300-yr waste packages assumed; haavy lins sccantustes raferanca case for fracturs flow of 5 mm/yr; direct sorption was the

only retardation mechanism accounted for; the thfe’ cases shown by the thres vertical axes represent differsnt amounts of the total
flux contacting the waste (ses 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 aimost 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 imit. 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-
fative 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
tncreases 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). Betause cumulative
releases to the saturated zone, vis-a-vis the EPA
standards, would continue to increase as an essen-
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Figure 28. Ratio 10 the EPA limits of total curies and curies of
individua) radionuchdes remsining below the water table for
100.000 yr for a flux of 5 mm/yr and interaction of the waste with
25% ot 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 comparison with the EPA standards;
the asterisk corresponds 1o the end point of the line accentusating 5
mm/yr on the lower-right part of Figure 27.

tiatly straight line after 10,000 yr, Figure 28 indicates
that releases calculated by methods required by the
EPA for periods fonger 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 wili 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
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Figure 23. 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 10 be 5 mm/yr;
interacting water assumed to be 2.5% of the total flux; asterisk shows coincident (at tha 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 resufting 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 morereal-
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 allt
radionuclides will begin to arrive earher 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 imit them to levels well
below those produced by waste packages that instan-
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 8 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 Effectsof 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 38 minimum effective
retardation factor of about 400 caused by diffusion
from fractures for a nonsorbing species, technetium,
and higher vatues for sorbing species. On the basis of
these calculations we chose 3 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|-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 sbout 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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Figure 31. Comparative ratios to the EPA limits of tota! curies
remaining below the water table for 100,000 yr based on three
cases of effective retardation of radionuclides relative 1o 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 tota! 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
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Figure 32. Comparative ratios to the EPA limits of total curies
remaining below the water table for three alternative locations of
the accessible environment: (1) atthe water table, (2} st the end of
a 200-yr saturaged flow path, and (3) at the end of 8 2000-yr
saturated flow path; 300-yr waste packages. 5 mm/yr total flux,
interaction with 2.5% of the tota! 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
(middie 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 & retarding mechanism
for fracture flow in both the unsaturated and the
saturated zones. If effective retardation caused by

49

IS

.

b w7 Sl

——




v

Te ey

.

T AT T O A O e N prnen s g T e .
. TR eI AT T e, o Y3

L e

o
e

e EXior e SR S
N oo

- [

- a L0

-
be

Lt

R

h %’?!g#q{.‘i.;;_

CETETe

g,

aeae e

AR N

: ',‘.'vdnﬂus'ion from fractures were considered, as‘dig.“:@’ ,
- .- 'cussed in Section 4.3.4, actual releases would be -
- much lower than indicated by Figure 32, This is -

because the diffusion process wouldbe as applicable

to fracture {low through the saturated zone asitisto . .~

unsaturated Nlow. For example, if dillusion out of
fractures in the saturgted zone resulted in an ellec.

~tive retardation of 100, then no radionuclides would
" artive 8t the end of 8 200-yr flowpath for 20,000 ye
. after their arrival at the water table. For these rea-
‘'sons, it appears that the saturated zone provides a -
significant, though unnecessary, barrier betweenthe
proposedrepository andthe accessible environment,

whether that environment were 1o occur,2 or 10 km

from the repository.

4.3.6 Releasesundera Combination of More Likely
Site Conditions and Engineered Barriers

The previous discussion and figures of releases to

the accessible environment have outlined a basis for

concluding that a repository at Yucca Mountain

would be able to comply with the regulatory require. .
ments presentedin Section 1.2. The foregoing results
lightly touched upon the myriad possible combina. .
tions of site conditions, engineered barriers, andreg-

ulatory definitions that atfect our abitity to predict the

~ performance of arepository, The particular combina.

tions analyzed were selected to focus attention on
significant factors alfecting overall performance and
1o establish upper bounds on possible releases under
conservative assumptions about individua!l system

- components. Hitherto, the advantages of the com-
bined effects of the several multiple barriers have not -

been considered. Figure 33 does so.

This ligure represents 8 judgment about the poten-

tial magnitude and timing of releases from & reposi-
tory at Yucca Mountain under 2 combination of non.
conservative, but potentially rezlistic, assumptions
for several system components. In this case,
expected releases are based on an average flux

‘through the unsaturated zone of 0.1 mm/yr, whichis

somewhat less thanthe 0.5 mm/yr used as a conser-

.vative reference case in Section 4.3.1. Actua! flux

may be essentislly negligible (see Section 3.1.2),

" though infrequent recharge pulses probably cause

some spatially restricted, short-duration fiow through
the unsaturated zone at Yucca Mountain. Averaged
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
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 epplies to the saturated zone as well

- s the unsaturated zone, So, contrarytothe 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 fiux intercepting the ares occupied by waste

. packages. This is because the voids in emplacement
" - holes will most likely act gs capillary barriers that

effectively prevent movement of water from the rock
to the waste canisters (see Section 4.2). For our cal-
culations of refeases shown in Figure 33 we used a
value of 0.25% of the total flux of 0.1 mm/yr as 8
basis for dissolving the waste. The failure of waste
packages is assumed to follow the exponentiat form
beginning immediately after closure of the
repository.

Releases to the accessible environment would be
essentially negligible under the assumptions out-
lined above (Figure 33). Thus, for hundreds of thou-
sands of years, available barriers acting in concert at
Yucca Mountain will most likely prevent any contam-
ination of the human environment by radioactve
wastes that might be buried there.

i most barriers 8t 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 mustbe confirmed

by further testing of site conditions and engineering
concepts. Therefore, Figure 33 is not & definitive pre-
diction of actual repository performance. ht is pre-
sented to drew attention away from the more delete-

- rious predictions based on conservative vaiues

chosen fromthe range of known conditions end focus
attention on plausible combinations of barriers act-
inginconcert. Because much of this report deals with

“the eflects of untikely events occurring in unlikely

combinations, we present Figure 33 to avoid neglect

“of the more likely situation represented by considera-

tion of severat barriers acting 8s intended

4.3.7 Summarv oi Roloa:cs to tho Accessible

_ Environment -

" The preceding sections have presented the results
of calculations that show releases of radioactivity to

- the accessible environment under several scenarios.

The individualscenarios represent plausible refeases
under different combinations of engineered features
and site conditions.



R < 4

100 Y T T T Trry T 1 VvV VT rrrg T LI B B R D | Y T T 1
10" |
102 |
» o
g i -_ T~
s - - ~
S 103 L N gl
5 3 s S~—
w o /7
” [ 4
‘é’ » Dissolved trom 7
L 1W0°F repository
O F 7
S - 7
z I //
< 105 =~
2 F /
4 - /7
A //
106 = In the accessible
p environment 3
107 F -3
3 i
- -+
10-8 2 Lt 1 a0l 2 i3 1401l 1 i 4 1 s 19t Lt
102 108 104 10° 108

TIME AFTER CLOSURE (yr)
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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, tota! 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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Sl e vl lwiw | w]r
Waste-Psckage Liletime
300 yeacs PVl [V i [%d [
1000 ysacs
exponentislly increasing loss ol containment e [
Totat Fluz Through the Unsaturated Zone
0.1 mm/yt  (mest likely case) v
0.5 mm/yr  (reference, upper bound case lor current conditions) [Yed %
$.0 mm/ye  {(reference case tor uniikely tracture Hlow. likely upper bound for piuvial
__congitions) v’ |V~
0to 1 mm/yr  (range for matrix flow) 1”
Dto 20 mm/yr  (range lor matrix plus iraciure fiow) i ] .~
Percentage of Fiuz interacting With Waste (or) Solubility of U for Case 2
{Case1) 0.25% or) 4x103kg/md ] P74 T
(Case2) 2.5% or) 4x10-Ykg/md l/w;///w/ 1] Iv”
{Cased) 25.0% or) 4w 10-TkgimY |l | | |
Length of Fiow Paths to the Accessible Environment
150 m (Yopopah Spring pius zeolitic Calico Hilts) | [ d P
250 m (vitric Calicg Hit [d et [Yed [
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100_({for sl species)
200 (C-14 and )-129), 400 {Tc-99), and 1000 (sl other species)
Types of Releases Normalized to the EPA Standards
total cumuiative relesses 1o the accessible environment |
cumulative reieases of individual radionuclides to the accessidbie enviconment
total remaining curies originally dissolved trom the repository /I ” ”

totat curies remaining in the sccessidie enviconment

curies of individuat radionuclides remaining in the ibie envir

curies released 1o the accessidie environment by separsie flow paths

Time Peciod of Plots

{5550 Vears

100,000 Years

1,000,000 Years

Time Required for Individual Radionuclides to Reach the Water Tabie

Migration Distance of individust Radionuclides in 10,000 Years
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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 resuit 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 tocontact and dissolve the waste, the low fluxin
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, itis likely thatbecause 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 itseff 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 fiow 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
vere 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 gre 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-
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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
3 planar horizon distcibuted o;er an arvea 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 Dacrcy’'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, TS.

A.1 Water Flow
Let j, a subscript, identify two components of the medium (porous matrix
and fractures) with j=1 denoting the matrix and j=2 denoting the fractures.

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

dh
I |
Fj = -Kj al (m/yr) (1)

dh
where hj is hydraulic head, -E% is the hydraulic gradient, Kj is the

hydraulic conductivity, and Fy is called Darcy velocity or Darcy
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dh,

flux. If —E% is assumed to be -1, the flux through the jth medium

cannot exceed the maximum hydraulic conductivity of the jth medium.

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

s

j=1" the flux is assumed to flow through the porous matrix, and the effective

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

the excess flux, F, will flow through

1f the flux is greater than K5 j=2°

=1

fractures of sufficient conductivity to satisfy equation (1).

The average particle velocity of water, Vj. is

v, = =1 (m/yr) (2)

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

time through Hj thickness of unsaturated zone in meters, T?. is

H.n
™44 . (3)
iT

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 waler travel time, T;, from repository to accessible environment is the

sum of travel time in the saturated zone, TS. and the travel time in

unsaturated zone, and is

T. = Tj + Ts (yr). (4)

Assigning a value of zero to T° 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 radiocactive
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

3
=F, . /
Qj j A (m™ /yr) (5)

where Qj is the annual flow rate through jth medium, Fj is the annual
flux through jth 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
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3
q. = F, . A . uj (m™/yr) (6)

where aj is the 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 inteccepting -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 yeatrs represents the time
of immediate and simultaneous failure of all canislers, i.e., having a step

function at the constant life time, 7T

.
G(t) = U(t - Tf) (7)
where
i
UGt - T) = 0 if t < T, ‘
Ut - Tf) =1 if t > Tf

(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




g(t) = (8)

0 t <O

for which the cumulative disttibution is

t 1 - exp(-t/u) t >0
G(t) = [ gly)dy = . (9)

- 0 t <O

The parameter y 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, \L,/

Si_u(kg/ma). the expected annual dissolution rate for uranium is given by

ST Di:u,j(t) = qj . Si-—u . G(t) (kg/yr). (10)
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N For the g radionuclide, the annual dissolution rate is given by

- m.l(t )
D. .(t) - D, (t) . : kg /yr
1._1( ) 1.-u,_1( ) m (kp/yr) (1)
1 1
) . . . L th . . . . .
wheree m (t) 15 the inventory of 1 radionuclide in kilograms at time, t,
1
and 1.y represents uranium. Since radionuclides are assumed to dissolve

instantancously when they are In contact with waler, the mass release rate to

water 135 the same s the dissolution rate.  The total amount of waste
N
released 3 Am (t), is simply the sum of dissolved amounts for all species
1=1 1
~
o N N 2
¥ Am.l(t) = 3 y D, () (kg) (12)
i=1 i=1 j-1 Y
9,

where N is the number of radionuclide species.

The annual fractional release rate is defined as

R = e (yr ). (13)



(194

N
Substituting equalions 11 and 12 for ) Ami(t)

1=1
2
. j%] “1:u,j(t) 1
R = . i')' (yrr ) (14)
1 -\

denonstrates that conpruent leaching vields an annuasl fractional release vate
for the total warte mass equal to the release rate of uranium.  Assuminy, qj
g d 1’.:. N do not chianpe dn tatee and ety 01 (i equatiion 10), “i..u“) 1o
copeit ant 1f the K i oswall so that ndse removal is nepliypible over the tine
peviod of concern, KR is essentially constant because m._u(l) is dominated by
U- 248 with a half life of nearly five billion years.

Given the initial inventories of radionuclides, assuming no removal, the
amount of mass mi(t), and Ami(t) that is present at some time (t) after
the initial time (to) can be computed analytically by solving a system of
ordinary differential equations {(Bateman, 1910).

. .th .
The rate of annual curie releases for the i species to the water

flowing through the jth medium is

C. J.(t) = a, D, .(t) (curies/yr). (15)



4. geeeee compliance of the annual release rate for each radionucliide with the

Mki criterion (10 CFR 60.1113), an "NRU Kalio™ (NR.J 14 calvulated as
i

/
o (v
v (](:)

L ty . . . .
who ter NE.. is the NKC release lieit for radionuec lide def jued in Table
1

) Simdlarly, a total NRC Rat ie may be computed with

NK ) Nk R
1-1
.\;b_/ A} Radionuclide Transport
r
The transport time for the itP radionuclide, Ty 5. i¢ related to the
water travel time by
r
T = Rd, T (yr) (18)
1. 1, J



where Rdi j is a dimensionless retardation factor for 1th species through
th
3

defined as

medium. In porous medium flow, i.e., j=1, the retardation factor is

Rdi,l =1+ a (19)

where the y is the bulk rock density in kg/ma, K4, in m3/k5 is the

i

distribution coefficient or sorption ratio for the ith radionuclide in

porous matrix blocks, and n1 is the effective porosity of the blocks.
In the case of water flow through fractures, i.e. j=2, it is more

appropriate, as suggasted by Burkholder (1976), to ralate the retardation

factor to a distribution coefficient Kai by the equation

R4 =1 + Rf . Kal (20)

where Rf is the ratio of surface area to void space (volume) for the fracture
opening through which the nuclide is being transported. The Kai value is a
measure of moles of ith nuclide in the sorbed state per unit surface area

divided by the moles of 1th nuclide in the dissolved state per unit volume




-,
f‘ R
of groundwater when the groundwater and medium are in equilibrium. Since the
fracture surface is irregular, the actusl surface area with which the nuclide
reacts is unknown. A simple practical approach is to express Kai relative
to the ares of an assumed plansr fracture surface (Freeze and Cherry, 1979,
p- 410). 1In this case, the retardation factors for fracture flow become
2Kai
Rdi.2=1+_t->— 21)
where b is the aperture width of the fracture.
The differentisl equations describing the transport of radionuclides and
their decay products through geologic media with sorption are listed below.
ra, 14 v 2 - ma 2 ¢
ot az
ra, 2% + v 2% = -B4, %, C, + B4, A, C
at az
Bd, %3 + v 33 . g, 2, c, + R, 2, C (22)
3 — 37373 2 2 "2
at az
ac 1]
Bdt 3{; + v 5;; = °Rdl ll c‘ +~Bdl_1 1!-1 cl_1
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where
c! = nuclide concentration for the !th member of decay chain,
ci/m3 |
Rdl = retardation factor for the !th membar of decay chain
x! = decay constant for the !tb member of decay chain, 1l/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 c1 3
’

which is the curie

release rate from the repository to the unsaturated zons (Equation 15) delayed
by the transport time (Equation 18) and reduced by radiocactive decay during

the transport time.
The computation of c; 3 is accomplished by a direct-simulation approach
’

that defines numerical structures that represent the material balances of the
lth menmbers of decay chains and all preceding chain members (Bquation 22)
over a differential length of flow path and a differential time. The annual

release rate of curies from the repository, c1 j(t). is represented during
1

7

( 4 s
W
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transport as s set of discrete lumped slugs. Each slug by definition is of

zero size but with spatial coordinates, (zp)i 3’ and a discrete quantity

of curies, (C) , where p is the slug index, p = 1,2,...N_, and X
pi.3 P P

is the number of slugs for the ith radionuclide in the jt'h path.

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

the characteristics of convective mechanisms

a(z.).
pi,di v

vhere

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

k+1 k v
rA = (Z + A4 24
( P )i.j ( p)i.j tk 13 (24)
]
vwhere
Atk = the time increment for kth time step

k
(Zp)1 3 = the z location of the slug p at the kM time step
" .

o k4l V
1£2) ')1 3 = the z location of the slug p at the (k + 1)'B time step.
]
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The slugs in the flow path and the source term at the repository ara
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. PFor the decay chains with very
rapidly decaying nuclides, each of the short-lived nuclides, t.e., Pu-241,
Ra-225, Am-241, Cm-242, Pb-210, and Hp-239, is assumed to remain in secular
equilibrium with its lmmediate-precursor. ¥o branching ratios are considered
in the decay chains.

The rate of release of radionuclides to the accessible environment,

C:, is simply the sum of slugs transported across the boundary to the

accessible environment per unit time.

Cumulative curies raeleased to the accessible environment for the ith

radionuclide, c :, are numerically approximated dy integrating the curie

release rates.

2 X
gl - § - |
C,(t) = ¥ I C, ,(t)at, (curies) (25)
i §a1 kal i, k

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

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

by comparing cumulative curies released to accessibdble environment with the EPA
release limits (40 CFR 191). The measure of performance is simply the "EPA

release ratio" (ER),
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ER = J ;L (26)
=1 i

where ELi ig the EPA limit for ith radionuclide defined in Table 1.
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APPENDIX B
Listing of Computer Program Used for Calculations

PROCRAN SAMPLE
DIMENSION RTCUR (3,188,%,14) ,21CURE(3,100,5,3) ,RAT10(3,14),
*DEF({189),80C(130),D10CT (108) ,FRN(108)

DIMENSION PT(11,182),TPACIIN8),TR(1ES).PP1I(100),PR2M100),
CPTI(IN0),PTE{100),9P51180),PTE(108),1PAR(70)

DIMENSION REC(289),TT(3,20),V8(3,20),7L(3,120,))
*,0R(),20,3),70(3,20,9),P0(3,20,))

©.TTCL20),TTD(20) ,RECN(28) ,TIM {20}

DIMENSION AL (S,14),%8C(14),CONT{S,14) ,CONN(S,14) ,NLE(S,),
SALS(5,3).8PA{5,18) ,An(S,14) ,E0A(S, ), MCH(0,14) ,CONI8(5,3],

CHL (S, )4} ,CUM(S,34) ,ARE(3,3),MCT(5,14),2CI8(3,)

DIMENSION ALP(S,3},CURS(3,)),CUnB(S,3),PAR(S,3) , NECS(3),
*CUN(5,14) ,8PAS(3,3),PACIS, D)

DIMEXEION WL (3,14} ,RL8(3,3),CIR(S,14),CIR8(3,))

DIMENSION CITOT(4,20,180) AERAT{4,20,) JAETOT (4,208,180}
DIMENSION CITOT2(4,20,100),CIRAT (4,20, 1AECID(4,20,180),
*RC(180.5.14)

OINENSION DIS(Y,180,5,14) ACIN(100,5,14),00P(3,5,16),

*RDFS (3,5,)) ACINE(180,5,3) . MCE(188,5,3),

CEUR(4,180,3,14) ,3URE(4,100,3,3).5UC(4,188,5,14),8UCS(4,100,5,))
DIRENSTON TM2Y (14),MT™I1{14), T4l (14), M) (14),T™I2(14),T™M42(14),
CTHSZ (14) , TSI (147, T4 (141, ™A (14) ,CONIN(S,14) ,CONNWIS, 14) ,
*DCON (3,14)

O!IEI"OI nn).rnul.nru) Dl (3) FLUX (Y, 26),NP (20)
DATA(EP(1),1°),))/8.2,0.), b4

DATA(PRP (1} ,1=1,3)/0.4,

/
DATA(RCH (T, u.l-l.n/'ol-iu' "u-u “U-236",°TH-232°/
ODATA (RCH{1,8) ,T01,4)/°QN-243" "0 -2)7",
"U-!l)’."l’ﬂ -229%/
OATA (RCH .u.!-l.sw'ol-uc' *pu-242°,
**U-238","0-234" [ 34
OATA{RCH (], 'l).l'l 4) I'M-N)’ SPV-239°,"U-235","PA-231"/
DATA(RCH (),3) ,108,13)/°08-39°,%C5-135°," 51 26" ,“2R-9)",
**50-90",%C5-137"/
OATA(AM(1, I} ,101,3)/14.,99.,129./
DATA (AM(1,4),101,4)/2448.,240.,23¢.,2)2./
. DATA(AM(I,S),1s1,4)/245., 237.,233.,229./
OATA (AM(1,6),1°),5)/246., 243., 238.,3M4.,2)0./
ORTA(AM(3,7),0e1,4)/243.,239,,238.,201./
DATA(AN(1,7),308,13)/99.,138.,126.,93.,90.,137./
OATA (ML {1,3),3%1,3)/5.7383,2.15¢85,1.992Y/

DATA (ML (1,.4), l-l.l)/l?.‘ G.!ll).l. yse7.1.4210/
ﬂ'l’l(ll.(!o!l.l-l.ﬂ/’. 2.4486,1.6205, 7. 3404/
OATA(NL(1,6),1=1,81/8. Sl!. 3. M8, 4.81809,

*2.4728,0. 424/
GATA(NL(3,7),1e3,4)/77.950),2,4484,7.180,3. 298¢/
DATA(NL(2,1) ,28,13)/0.84,3.86,1.835,9.583,29.,39./
DATA(NSC{3),291,143/),1.1.4,4, S.‘.I 1.1, l l.l
DATA{RNA(I,1) .31, )lI‘N - 36! - 341 "lh-l!!'
naﬂ(unn.n.x-x 8)/"an-242°, 'O!-Ill' 'W—])l' "RA-226°,
*"pp-210%/

DATA RNA(L, 3)/*KMP-239°%/
OATA(ALS(I,1),1e1,3)/5.258-2,1.518-3,17.11/

CATA(ALS (2 3).!'1.5)/‘ $£8-3,1,%4,9.068-3,4.338-4,3.118-3/
DATA ALS(1,3)/188.28/

mfl(!lCl(".l'l.”/)." /
DITA(IP“II.Upl‘l.’l/lcl!ll.! 24,3.9284/

CATA(SPAS (1,2),101,5}/9.7 a.:.nn.n.s..nn,u Vv

OATA $PAS(1,3)/2.338%/
u?llﬂ.ﬂ-l).!ﬂ..llﬂ.ll!.'l.ll!.’.l‘ll/
DATA(RL (I, 4) ,30),4)/7.84,7.503,7880.,7880./
DATA(RL (3,5) ,J=1,4}/7800,, 788 .”‘l.,”l..l

DATA(RL (3,6),323,3)/77008.,7800.,7880.,7000.,7800./
DATA(RL(I,7),9%), 0!/7.“-.7'! 78 7880/
nﬂ(ll—ﬂ.n.l".l”ﬂ IG.’.ld.’.ll,’.ll.7.!‘,1.!‘/
OATA(RLE(1,1},11,3)/7.84, 7800, ,7880./
ui‘l(!u(l.!l.l'l.’lﬁ.l.-.?.l‘."lll..7lll..1 34/
DATA MLS(1,3)/7.8¢/

D“Ilb’ﬂ.l.lhl'l.!l/l-.!..l /
DATA(ROP(1,1,4),1°1,4)/7188 uu..n.,un./

DATA (RDP(1,1,3),1e1,4}/18
DATAIRDE(L,1,6),11,5)/18
m!&ll"(l 1,71,101,8)/1889,

DATA{ROPS (), :’l
DATA EDPS l

unuaon: $,4),1),4)/388
OATA(ROP (2, t.!hl-l.llh“
ODATA(ROF(2,1,6),1°1,9)/360
TATA{ROP(2,1,7),1=1,4) /368
DATA(ROP (2,1, n.!-a.ulnl
CATA(RDYS (2, l 1) ,3%1,31/71180.,3688., /

DATA (ROFS{2,1, 1).l-l.lll)ﬂl..im..u“..!"ll-.l“.l
DATA NOPS(2,1,3)/240./
DATA(RDP{3,1,3),1%1,3)/heedepd./
DATA(RDP(,1,4),191,4)/3..0.000,0.1/

OATA (RDP{3,1,9),39),48)/1.,3.0,1.8,1.0/

DATA(RDF (), ln"l"l'"Ilo"ol‘t"‘o"ll‘,
OATA{ROP(Y,1,7),190,4)/0.¢30,8.0,8./

CATA(ROF(Y, 1. 1),808,131/1.,1.,0. 3.0, 00,10/

DATA (R0PS$(3,1,1).1%1,3)/0.,10.,1.2/

DATA(ROPS (3,3,2},201.81/0.,0..1.,1.2,1.8/

DATA BOPS{3,1,3}/1.8/
ORTA(TFAC(I),1=1,108)/180°1880./

DOE-28-19

DATA(COMI (1, 1),1e1,3)/2.283,5.3587,1.3387/

nnnnnnnnnnﬂ

no

!

20
n
19

2

-

DATA(COMNE (3,4),1°),4)/7.5725,1.39¢28,2.4320,7¢./
OATA (COME (1,5),121,4)/0.8384.).0827,2.0E2,9.2¢8-)/
DATA(CONE (1,6) ,121,5)/9.2883,2.87L7,6.73214.0.3085,1.4021/
ORTA(COMI (X,7),1=1,4)/9.3086,1.31E0,5.2)20,0.2)/
DATA(CONE {3,13),3=9,13)/2.7784,2.1427,).1086,2.9527,2. 6522,
*$.938/
OATA(CONIS(I,.1),1°],3}/4.387,3.4727,1, 452-7/
DATA{CONIS(1,2) . 121,9)/7.2084,1.79C2,0.006,5.248-¢,6.422-5/
DATA COMIS(1,3)/9.2)/
o0oL-~29-18¢0
OATA{CONI {1,1).3°1,3)/1.89E3,5.3%¢E7,1.33¢8%/
DATA{COML (3,4) 1o 1/71.%-99,1.27¢80, 2. .5ll 0.1/
DATA (COMI (1,3} .1 1/
DATA(CONI (1,6) .11, 9.86L6,2. 1684/
DATAICONS (1,7}, b ,O)/l 9zh, 3.3020,3.5628,. 5. 4322/
ﬂ?ll?l!ll 1) ,150,10)/72.7724,2. 1407, 1. 1086, 2.9527, 6. 6404,
*6. -3/
OATA(CONIS(1,1),1=1,3)/1.0622,).7907,1.89E~-3/
DATA(CONIS(1,2),121,%)/7.9202,1.9,4.423,79.95,0.92/
DATA CONIS{(1,3)/).91/
UCHUS =13
IPRINT =)
IRATE =9
wLe)
1ve)
1vel
1ve2
Clel. 13213
Cie3.19%027
Cl=. 690147
C3sl.
SLe=d.B-4
Ule6.796727

AL(S, !)-C)/lll.(.! 1}

CamnL (3,1)4C2

BPALY, 1)=CL/(C4*AN(I, 1))
COMI (J,1)=CONI (I, )*C5*.881
conriaug

wreld

wreise

50 18 Kel,wr
TOTTOTTRAC (1)

FLOR (L, 11=REC(I)
IP(RBC(I).LE.1.£-31C0 O 20
FLOX (2, 11o0, 900

G o N

PLUR (2, 1)*RDC (1)

RP(1)e2

FLUX (3, 3)oRBC(T)-PLUX (2, 1)
1?7 IMUR{3,11.CY.0.) uP(3)e)

VE{L,3)oPLUK (L, 1} /2P (L)
TPL,11°02 (L)/VEIL, 1102880,
TTL, 11D (LI/VE (L, 1)
D0 22 1Cel,)
PLIL. T, ICIoAROPLUX (L, 1} OTRALIC) *PRF (L)
OR(L,1,IC)=PLL,1,1C)"8L
FR{L,3,IC)=DR(L,1,IC) /UL
TLiL I, IC)=UL DR (L, L, IC)
CouTINDE

DO 24 t=l, W

PRINT 101,RBC(T),PLUX(L,1),VE{L, 1), PTIL. 1), PLIL,L,1)
*,PLIL.1,2),FLIL,2,3)

rwut..n-u::.-nuu..n

]
tr(n.20.1)G0
M!l("'lo/ﬂ&ﬂ."n\&ﬂ m
10(8.29.2)C0
ull(l)'lnlﬂbﬂ 3)=AL {1, 1))
™R ("'l.l"b“olloﬂ.ﬂ."l
1P (w,.3Q. 360
MeL (Y)el, Illl-“.ll-ll.ll.l)l
™ML (L)) /(AL L4, 3Y-AL (D, I))
TREI(T)el./(ALLE, 1D=AL (I, 1)}
I)BO 0 3

e 20
TASL (11=1./(AL(S, I}-AL (1, 1))
™32 (l)'hl(ll-“. 3)-AL(2, 1))
I (1)) o/ (ALLS, 1) =AL (), 1))
TR (3)0), /(AL (3, 2) -AL (4, 3))
COout INGE

CONT INTR
ALP(1,1)=AL{L,8)/ALB(),1)
ALP(3,1)8AL(1,.3)/AL8(2,1)
ALP(3,1)oAL (4,3)/A081(),1}

CALP(l,2)eAL{Y,8)/0081(1,2)

ALP (2, 2)eAL (1, 6)/AL8(2, )
ALP{3,2)eAL (1, 6)/AL8 (), 2)
ALP (4, 2)eAL{S,$)/ALS (4, 2)
ALRP(S,2)AL(S,6)/ALS (S, 1)

75



b, g

.

g
k

¢

ALP(L1,31=AL(1,7)/ALS (1, ))
TP (IV.LE. 31DTT=18%8.
CALL BAT(NCHNS,AL,OTT, NEC ,CONI, TH21, TWI1, TW41, TMI2, THA2, TH4],
*TMS), TMS2, TMSI, T34, OCON)
DO 197 Ie],NCHNS
WIC(T)
0O 197 Jel,N
197 RCI (D, I}eDCON{I, T}
1P (IV,E0.1} DTT=SH.
17 (IV.EQ.2) DTTe)SH.
IP {IV.R0Q.3) DTTe18%8.
CALL BAT (MCH®S,AL,DTT, RZC,CONZ,TH21, T3, ™AL, TH 32, THA2, TH43,
*THS1, THS2, TSI, TRSL, DCON)
T0TCI =8,
0O 167 Is1,MCHNS
ReMEC (1)
D0 167 Jel, ¥
BCI (I, 1)=DCON (I, T)*SPA[I, T1°1088. .71 8-
c PRINT 164,1,3,%C103,0)
€ 104 PORMAT {1X,2718,1PT10.3)
167 TOTCI=TOTCI+RCI(J, 1)
PAR{1,1)eDCONI(]),S)
PAR{2,1)=DCON (1, $)
PAR (3, 1)=DCON (4, 5)
PAR{1, 2)*DCON (1, 6)
PAR({2,2)5DCON(].§)
PAR(],2)=DCON(], 6) )
PAR(4,2)=DCON (5, 6)
PAR(S,2)=DCON (S5, &)
PAR ({1, 3)=DCOMN{(]1, 7}
DO 169 M1el,)
MN=NECE (M])
DO 168 MIel,mN
BRCIS(MI,MIJePAR(MI HI)CALP (M), M1} *BPAS (M), ME)°1000.°] . .2-%

c PRINT 104,MI,RI,RCIEIMI M1}
168 TOTCIeTOTC1+RCIE(MI,N1)
TOTCI=TOTC1/1008.
14 PRINT 145, TOTC)

C 185 PORMAT {1KX,3{}PE)S.2,1X))
17 (IV.EQ.1) DTT=50.
1P {IV.80.2) DTTe)SH.
1P {IV.EQ.)) DTT=10%0.
CALL BAT(NCHNS,AL,DTT,WEC ,CONI,TH21,THI1, ™AL, THI2, TH42, TH4I,
*TMIL, TMS2, TS, TMS4, DCON)
DO 138 1e],MCHNS
WeNEC (D)
DG 198 Jel,M
IP (RCI(J,11.47.707CI) RC1(J, 1)=TOTC)
c sor(3. 3, 11=109.
198 COmi (I, 1)eDCON(I, 1)
PAR(1,1)eDCON(1.S)
PAR{2,1)=DCON(], ")
PAR(), 1)=DCON(4,5)
PAR{1,21=DCON (1, )
PAR(2,2)=DCON (1, 6)
PAR(Y,2)=DCON (1, 6)
PAN (4,2)°DCON (3, 6)
PAR(S, 2)DCOM(S,86)
PAR(), 3)eDCON{1, T)
0o 196 Mla1,}
RN=NECE (M1)
DO 196 MJel MW
12 (RCIB(MJ,M1).LY.TOTCI) RCIS (NI, N1)eT0TCL
c KOS (3, RI, K1) 108,
196 CORIS (NI, NI}sPAR(RI, BRI} CALP (NS, B1)
0C 3688 1Cel,)
1C=2
Teg.
DO 283 K=i,¥T
DISCL(K)=8.,
(K)o,
0O 282 Ee),WT
TP ITPAC (K)
CALL SAT(WCHRS,AL,T,MEC ,CONT,TN21, T™I], TNEL, T2, THE2, T4,
*TRS] , M8, TNB), ™S4, CONN)
4 DEF(K)el. =P (-3/180080.)
ORr{Kiel.
PRM(K)=SLOARSS. 688378, 625°DET(K) /UI
OC 268 1s),KCHNS
HeNEC (1)
00 208 Jel,&
AGIN (K, J, 1)=CONN (I, ]}
BCIR, I, TYoAGIN (R, 3, 1) *SPALY, §) 1609, *PAN(K) /RCI (I, 1)
DISCH (K)=DISCT (R)*AGIN(K, I, T}*8RA(J, 1) *2858. *FRA(K)
SAC (K)o8RC (K} +RC(K,J,1)
288 CONTINDE
PAC(1,31=COMNI(1,S)
PAC(2,1)=CONE(1,5)
PAC(Y, 2)=CONR(4,3)
PAC(1, 2)eCONN (], €)
PC(2, 2)=COMN (), €)
PAC(3, 2)eCOMN (1, §)
PAC (4, 2)=COMN {5, 6)
PAC(S, 2)=CONE (S, 6}
PAC(1,3)eCONR ({1, T)
00 281 Miel,)
RUNECS (K1)
DO 281 MJel,N¥
ACTHS (K, 87,RE)ePACINT ,RT}OALP (W, NI)
BCS (K, NI, NIIOATINE (K, NI, KI)*EPAS (NI KI)*LES8. S PRN(K)/RCIB (NI, NT)
DIECH (K)oDIEC] (K)¢AGINE (K, NI, KT} OBPAS (M, K1) *1090.°PRU(K)
381 ERCIE)=ERC(K)*RCE (K, ,RI,NR1)
282 cowriNvg
2O $88 Ke1, W
PRINT 38D, REC(MW)
BLeup ()
0O 211 Lel, M

P~

00 211 KAsl, T
CLIRAT (L .M, %A )8,
C120T {L,M,RA) =0,
TeT+TPAC (KA}

DO 212 18=1,3

76

21

2

e

WASNECS (1B)

DO 212 JBel,RA
SUCS (L,KA,JS, 1B}
BURS(L,RA,JB, ID)*8,

DO 211 IAel,MCHNS

BASNEIC(IA}

DO 211 JAsl, WA

DIS(L.RA,JA, TA}=DR (L ,M, IC) *AGIN (KA, JA, JA)*DEP (KA} *1 000, /11
RTCUR (L, KA, JA, IA) =0,

BUC(L KA, JA,IA}=0.

SUR (L, KA, JA, IA}=8.

00 258 Le=1,ML

T,

DO 250 Ke),WwT

TeT+PPAC(R)

DO 218 1B =],0CHERE

B =uEC(18)

00 218 JBel, @

CONIN(IS, IB)=DIS(L,K,JN, IB}

IP({R.E0. 1 ICONNM(JIB, IB) 0.

Cowt INvE

DT=TPAC (K}

CALL BAT(MCHNS, AL, DT, WEC ,COMIWN, TM2],TMI1, THAL, THI2, THEZ, ™43,

*THS] , THS2, ™S], TMSI, DCON)

214

n

219

220

264

260

-

341

&2

343

344
m

00 216 IB =1,MCHNS

NB~NEC(IB)

DO 216 Jee=),

1F (CONIW(JB, 1B} .LT.1.E-999)C0 TO 216
RATIO (3B, 19)=DCON (IB, IB) /CONIN{IB, IB)
CONTINUL
17(M.2Q.1.AND, IC. Q. 2.AND. L. 2Q. 11GO 1O 219
o T0 219

PRINT 302,77

PRINT )20

PRINT )O%

CONT INUE

KCIRAT=S,

SCITOTe8,

00 220 1B =), NCHNS

WBeNEC(IB)

DO 228 Jsel,

CONNM [IB, 18)sCONNW{ID, IB] *RATIO {JB, 1B} «OCON (JB, 1B} *DT
CUR (I8, IB)I=EPA(ID, 1B} *CONNW (IR, IB)
ATCUR (L, K, T8, IB)=DCON (IB, IB) *SPA (3B, 1B)
SCITOT=SCITOT+CUR (JB, IB)

CIN(IB, IB1=CUR (I8, 1IB) /BL (JB, ID)

¢
CUM(JID, 1B =CONNW{IS, ID)
CONTINUE .
PAR{L, 1}oCOMNW(],S)

PAR(2,1)=CONMN(1,3)

PAR (3, 1}=CONNW (4, 5)

PAR(L.21=COMMW (1,6}

PAR (2, 2)oCOMNN (), 6}

PAR(D, 2)eCONNW (1, 6)

PAR (4, 2)eCONMN(S, )

PAR (S, 2)=COMMM (S, §)

PAR {1, J)=CONNW(1,?)

PAC(1,1)eDCONI1,%)

PAC{2,1)=DCON (1,5}

PAC{),1)=DCOK {4,5)

PAC{1,2)=DCOM(1,§)

PAC(2,3)=0CON (1,6}

PAC(3,2)=DCOM (1,6}

PACLE, 2)=0DCON(S5,6)

PAC(S, 21=0C0N (5, 6)

PAC(1,3)eDCON{L,T)

D0 268 Mi=l,)

NRMECE (N1}

DO 368 MIel, MR

CONS (K, KT)ePAR (NI, K] ) CALP (K, 1) -

CORS (RI,N1)=CUMI (KI, K1) *EPAS (K3, N])

CIRE (NI, N1 )=CURS (IKI,M3) /RLE (NI, N1

RTCORS (L, K, NI, NI)oPAC{RI,N1) *ALP (K3, NT) *BPAS (NI, K1)
SCIRATeSCIRATCIRS (M), 1)

SCITOT=ECITOT «CORS (KI, N1} -
CONTINUB

CIRAT (L .M, R)eSCIRA?

CITOT (LM, K)*SCITOT

CITOT2(L M, K)*ALOCL 8 {SCITOT)

UCHMES=NCKRS -6

DO 248 I8 =1,XCHNS§

8 ~XETC (18)

00 240 JB=l,W

IP(M.20.1.A%D, IC.BO0. 3.AXD.L.B0. 1)GO O 223

GO TO 234

CONTINDE

1P(18.20.3.0%, 1D.80.3)C0 70 221

1P (38.u2.1)G0 ¥O 221

10 (18.80.1.00.18.80.8)CD T0 38

1P (18.80.4)CO T0 341

IP{IB.B0.9)G0 TO )42

17(15.20.8)3C0 70 343

1P (18.20.7)00 90 344

PRINT 322

mInT N9
Go 10 221
RIET 321
RINT 311
€O 10 221
PRINT 321
it 312
GO 10 1
PRINT 321
miEe 313
GO 10 221
mImr 321
PRINT 314
corrinug
PRINT 316,0CH {8, 18) ,DI9(L,X, I8, IB) COR (3B, IB) ,COM(IB, I8},

*AGIR{K,JB, IB) ,CIR(IB, IB) ,AC (K, I8, IB) ,RTCUR (L. K. B, ID)

IP(1R.¥2.3)CO 1O 330
DO 231 178,13 -




g
i
g
E

231 PRINT 310,3CH (JD,17),D18(L,K,5,17},CUR{IB,17),CON(I0,1Y),

CAGIN(R, 3B, T7),CIN(IB, IT) ,HC(K,I9,17) ,RTCOM(L,K, TB,IT)

238 CowrINuE

12

13

1
1¢

224

240
230

210

1P(19.20.%) GO TO §

1P(19.20.6)60 70 &

17(18.20.7) GO T0 7

GO 70 224

GO 10 (8,224,224,9)38

PRINT I17,RUA(L,1),CURS{1,1),CUMS(L,1) ACINS (K,1,1),CIRS{1.1),
RCSIK,1,1)},RTCORSIL, N, 1,2}

PRINT 337,RNA{2,1) ,CURS(2,1),CUMS (2,1) ,ACINS (X,2,0),CIRS (2,1},
*RCS (K, 2,1) ,RTCURS (L, K, 2,})

GO TO 224

PRINT J17,RWA{3,1),CURS(3,1),CUME (3,11 ,ACINS (K,3,0),CIRS(3,D),
*RCE (K,3, 13 MTCURE (L, X, 3,1}

GO TO 224

Q0 T0 (11,12,224,224,13)08

PRINT 317,%NA(1,2),CURS(),2),CUNS(1,2) ,AGINS (X, 1,2} ,CINS(L,21,
*RCS (K, 1,2} ,RTCURS (L, K, 1,2}

PRINT J17,RWA(2,2),CURS(2,2) ,CUNS(2,2) ,ACINS (X, 2,2),CIRS (2,2},
*RCS(%,2,2) ,RICRS (L, K, 2,2)

GO T0 224

PRINT 317,RNA(3,2),CURS(),2),CUMS (), 2) ,ACINS(KX,),2).C1R8(3,2),
*nCg (K, J 2) RTCURSB{L K, 3, D)

GO 10 224

[l il sn,uuu 2),CURS(4,2),CUMS {4,2) ,ACINS (K, 4,2),CTIRS 4, 2),
*RCE (K, 4,2) ,RTCURS(L,K,4,2)

PRINT 317,RNA{S.2),CURE(S,2).COMS (5, 2] ACINS (K. 5,2) ,CIRS(5, 2},
*RCS (K, 5, 2) ,RTCURS (L,K,5,2)

GO 0 214

€O TO (14,224,224,224108

PRINT )17,RNA(},D) ,CURS(),D),CUMS (1, 3) AGINS (X,1,)),CINS(L, D1,
*RCS(K,1,3] ,RTCURS (L, K, 1, 3}

CONT INVE

COMT INUE

conT18US

00 298 Le),NL

Te0.

00 288 Re), T

TeTeTPACIK)

DO 278 18 o1, NCHNS

NBNEC(18)

DO 278 J8s1,M8

BRYTT (L. %] *ROP(L,J8, I8}

RTTTOT-RT

IF (RTT.LT.S..00.7T.CT.RTT)CO TO 278

ERT 9

TATToRT

D0 270 KTel,¥T

17 (TRT.LT.8.)G0 1O 279

TRT=TRT-TFAC (RT)

KRTeRAT )

279 Comrinue

27

183
28

21¢
298

494
"

n?

m

Ei 2}

SUB (L, XRT,J9, IB) *SUR (L., KRT, I8, 1D)

S eRTCUR (L, KNT, IB, 1D) *DEP (K ) /DLF (KRTISTFAC(R)
Cowrisiet

00 200 nlel,)d

RE-uNECE (N1}

DO 280 MJel,MN

WTSwTT (L, M) *ADPS (L, NI, N1}
XTTE~TOT-ATS

P (RTTS.LT. 0. .OR.T.GT. RTTS)CO TO 200
ZRTE -8

TRTE wPents

0 280 Xve), W

IF (TRTS.L?.8.) GO 70 209
TRYSSTRTE-TPAC(KT)

SURS (L, KRTS, NI M) =BURS L, EIRTE, NI, 1)

°0I7Cﬂlﬂ..n?l NI, NI)*CET(R)/DEP(ERTS ) *TEAC LK)

CONTIRDR

cowriNes

DO €€ X3, W0

DO ¢93 1o}, xCNxS

BARECLIN)

00 493 Jhe},n

SUR(E, K 38, IA)eBUR (1, K, IN, IA)4SUR(I, K, JA, IA)SSUR[I, R, IN, TA)
00 494 1Bel,3

W3 -AICH (L)

DO 494 J3s1, 0

SURE(4,8,79, IS)*SURS[1,K, T, 191 +SURS (2,K, T8, IB) +SURS (3, K, JB, 1B}
coNrINue

00 296 Lel,

00 291 IAe),XCHES

RA=KEC(IA)

20 291 Jasi.

37078,

D0 29} e},
$TOT-STOTLETN (L K, A, TA) /KL (A, TA)
P (2.20.1.08.8707.£0.8.1G0 TO 297
STOPCSSTORCORTCIM (L, R, IA, 1A} /RTCUR (L, 81, IA, 1A}
SeDRP (K1) /DEY(K)+3UR (L, K, IA, IA)
¢/ (3N, 1)

CoNTINUR

BUB (L, K, JA, IA)>STOT
B0C(L, K, 32, IA)$707C

conyINUR

00 292 1de1,)

i (13.%2.1 ) GO0 10 291
»-s

17 (39.20.1.00.30.80.2) Wiel
IPiI9.30.3) MAss
00 T0 28)

IP (13.%2.2) GO %0 282
"4

IP(3D.2Q.1.0R. JD. £Q. 2.00.75.20.3) KAel
mwi3n. N.( OR.JB.2Q.5) MAeS

o 0 2
l'(ll.lﬁ.!! =7

133

298

92

9

293
296

193

3%4

360

. ID. 1) A=l
contin
‘ml-l.

STOTCEsd.

00 292 Rel,¥WY

STOTE=STOTS+SUNE (L. K. I8, !.)/l-l(.'ll !Il

1P (X.20.1,0R.57078.20.9.) GO T0 2%
STOTCHSTOPCI*RICURS (LK, T8, n)/ncon (L.K=1,58, 1)
*OBIT(R-1)/DEF(X)

*+SORB (L, K, JB, ID) /RLS (I8, IB)

contive

SURS (L, K, JD, IB)
SUCS (L,K,JB, IR)=BTOTCS
ContIuue

o0 295 Ke),¥r

HANEC(TA}

DO 293 JA=l,MA
SAZCID=SAZCIDSRUC(L,K,3A,1A)
SASTOTSALTOT+SUR (L, K, JA, IR} "RL(IJA, IA)
SAZRAT*SAZRATSUR (L, K, JA, IA)

DO 194 1Bel,3

SABC IO=SAZCID+SUCS [L, K, T8, I18)

SAZTOTSALTOT ¢SURS (L, K, I8, ID) *RLS (I8, ID)

BAZRATSSAZRATSURS (L, K, T8, I9)

ARCID(L,N, K)o SARCID

ATTOT (LM, K) = SATTOT

AERAT (L .M, )= SAZRAT

CONT INUE

CoNTINUE

00 368 Kel,Nr

DO I8) IAel,)CHNS

HASNEC (1A}

DO 39) JAs),¥A

SUR {4, K, A, TAYoBUN (1, K, IA, TR eSUP (2,7, 08, TAY+SUR (3, K, 00, IN}

RUC (4, K, IA, JAYSSUC (), K, 3N, TATSSU~ T2, K, JA, TAYeBUTLY, R, IN, 1)

no 3%4 iAel,3

NB-NECS {18}

DO 384 JBel,HB

SURS (4, %, I8, IBIeSURS {1, KX, JB, 18] *SURS (2,K,JB, IB) «SURS (3, %, T8, IB)
SUCS (4, ¥,J0, IBI=BUCE (1,K,J0, 18] +SUCE (2,K, B, ID) +SUCS (3, K, IV, 18}
CIRAT (4.4, K)aCIRAT L, M, KY+CIRAT (2,K, K)¢CIRAT {3,H, K}
CITOT(4,M,K)sCITOT (1,M, K)eCITOT 42,4, K)+CITOT (), M, K}

ACTOT (4,M, K}oALTOT (i ,M, KIsAETOT (2,5, K) sAETOY (3, %, K)

AERAT (4,1, K)oAERAT (1, N, K} AERAT (2, M, K) »AERAY (3, K, &}

AZCI0(4,K, R)eABCID(1, N, KIeAZCID (2. M, K1 +ARCIO (3, N, K}

coNTINUE

00 366 Lel, WL

17 (1C.%E.2) GO 10 391

17 (IPRINT.NE.1) GO TO )50 -

PRINT 183,L

miny 322

00 )38 Rel,NT

PRINT 323, TR (K) ,CITOT (LM, K) ,CINAT (L, N, K} [ATTOT (LM, X),

CATRAT (LM, R) ,BUR (L. K, 1,)) ,30R(L,X,1,
*BUR(L,K, X, )} ,BUR(L,K,1,8),30R({L.K.1,9),80R(L,K, 2,18}

330 CoNTINUE

”l

bt

[31)

PRINT 326

00 331 Ks},ut

PRINT 323, TR(K) ,SURCL,K,1,11),8UR(L,K, 1,12} ,8UR (L. R, 3,100,
SSUR(L,K,1,4),80R (L.0,2,4),800(L,K 3, 4),800(,K,4,4),
“SUN (L.l.l.ﬂ SURS{L,R,1,1) SURS (LK, 2,1)

Conrin

nmiur )31

00 332 Kel, ¥

PRINT 313, TR (K),SUR(L,K,2.9),00R(L.K, 3, 9) 500 0L, K, 4, 5).
SSURB(L,K,3,1) ,8CN(L,K,)1,6},30R8(L.K, 1,2}, 30R(L,K,2:2},
OSUR (L, R, 2,83 ,BURBLL, R, 3, 2) . B0R(L. X, 3. 61

Conttuut

PalNT 320

00 333 Kel,w?

PRINT 323, TR(K) ,BUR(L,K,4,6),30R(L,%,5,6) ,8URB(L,K, 4,2},
SSURS (L, K, 3,2} ,BURIL, K, 1, 7) SURS (L, 8,1, 01,500 (C,K,2, T,
*BUR(L,K,3,7) ,8UR (L, K, 4,7} ARCIO (LM, K}

TP (IFRINT.¥3.3) GO %0 351

™It 322
DO 439 Kei, Ny
PRIN? 323, TR (K} ,CITOT (LM, K) ,CIRAT (L W, K} ,AZTOT (LM, K] ,
SAZRAT (L ,M, K) ,BUC{L,K, ), .,
*SOC{Lo R, LoD} BUCIL N, 2, 0) s B0CL, K, 1, D) ,SCIL Ko 2o 20}
cnnmn

mINe 326
00 431 Re3, W
FRLVT 323, 7R (R)BUC(L, K, 1,113 ,30C(L, &, 1,12) , 806 (L, K. 1,130 ¢
'lxu.l.l.ﬂ.mtt.l.!.ﬂ.M(L.!.l'ﬂ.mﬂ-ol«lo‘lo
*30C (L, %, 1,3) ,SUCH(L,K,1,3),8UCH(L,K,2,1)
CoONTINUE
minr 327
0 432 %el, B0
PRINT 323, TR (K) SUCIL, K, 2,9 ,80C(L,K, 3,90 ,00C(5L, K, 4,87
*BUCS (L,%, 3, 1) ,80CIL,K,1,8),BUCS (L.K,1,2).50C8 (L,%,2,2)
*3UC(L,K, 2,6) ,80C8 (L, K, 3, 3} ,BUC(L,K, D, 6)
cowrinue
PRINT 320
0 43) Kel, WP
PRINT 323, ¥R (R),50C(L,%, 4, 6),50CIL,K,5,6) ,80C8 (L, R, 4, D),
*SUCH (L, %, 3,2) ,BUCIL, K, 1, T),B0CH {L,R,1,3),80C(L,K. 3,7},
*SUCIL,.K,3,7) ,BUC(L,K, 4, 7} ,ARCID (L, N, K)

433 CoNTinUt

00 3§} R=1,w?

PRINT 101, TR(R) ,CIPAT (4,0, K) CITOT (4,0, K} ,ABTOY 4,0, %),
SAZRAT (4,5, K) ,ABCIO (4,0, R)

cowriwUe

77
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380 CONTINUE

108 PORMAT(1W], n.'lxnnct wWIR®,3X," LU R/TR 7,
3% ,*VELOCITY WIR®,
SCPRAVEL TINE "'.n.':n PLUX CUM/TR®,2X,%2.%% PLUX",5X,
*e 258 FLUX")

161 FORXAT (SR, 7{1P218.2,3X))

1602 nmn/nx,'ﬂur.ln.'cxnr +18X,°C1707T", 16X, AZTOT",
S10%, “ALRAT®, 16X, "ARC1D®)

163 PORNAT(//,%¢°%4s=, 12,993 NIDION esesee™)

380 FORMAT () 8X, "UNDECAYED"}

381 PORMAT(SK.AS,°CM=",1P218.2,18%,%Cl=",1P818.2)

362 PORMAT (09X,"TINZ =*,1P218.2)

387 PORMAT (13X,A8)

388 PORMAT (/49K ," RECHARGE RATE
389 PORMAT (26X,°D3SS RATE 4CUR CI°,9T,°CON GHE®,$X,
eegcHs LEFTS,63,°COM CI/RL®,&X,"HIC -RATIOP , 4X, *RTCUR®)

316 PORMAT(172,A0,8(1P210.2,6X),1PC18. 2,42, 19230. 2}

J11 PORMAT (3X,"CHAIM 1 - THORIUM SERIES")

312 FORMAT(3X,"CHAIN 2 - EEPTUNMIOM BEXRIES")

313 PORMAT(IX,“CHAIN 3 - URANIUM SERIES")

314 PORMAT(IX,“CHAIN 4 - ACTINIUM SERIES")

313 PORMAT(3X,*ACTIVATION PRODUCTS®)

316 PORMAT(IX,13,3%,13,3%,5(1PE18.2,5K),10X,"TINE =",1PE10.2)

317 FORMAT(17X,A8,16X, 4(1PE10,.2,6X) ,1P218.2,4X,1P216.2)

310 PORMAT(18x,3{1PL18.2,10X))

319 PORMAT (181, 7X,"TIME®, 181, " RECHARCE® , 182, * TOTAL CURIES®)

320 FORMAT(/1X,* 4

321 PORMAT (1K, ®socansccenn)

322 PORMAT(//2K,"TINE®, 2X,"TOTAL CORIES" ,2X,"01§ EPA RATIO®,
°2IKX,® AE-TOTAL ®,2X,®AE-EPA RATIO™,2X,® C-14 AL ", X,
©= 3C.99 AL °,21." 1-129 AE *,2X," NI-S$ AZ *,2x,

*" C5-135 ag ¢ $8-128 AR*/)

323 PORMAT(11{1PC10.23,221)

325 PORMAT (99X ,“RECHARGE RATE *»*,1P210.2)

326 PORMAT(/,5X,*TINE® 4K,

*" IR-9] AL ",2X," SR-98 AE *,2X,* C5-137 AR,
*2X," OM-244 AZ",2x,° PU-240 ARZ",2X.," U-236 AL ®,2x,
*° TH-232 AL, 2%," OM-245 AR, 2X,” PU-241 AR®,.2X,
° AM-241 AF°/)

327 PORMAT(/, 5%, " TINE",4X," NP-237 AR®,2X,

*° U-233 AL T,2X%," TH-229 AE",2X,” RA-225 AZ",
*IX," Ot-246 AZ",2X," AM-242 AR®,2X," ON-242 AZ",2X,
*" PU-242 AZ®,2X,® PU-2)IB AR®,2X,® U-2)0 AL */)

320 PORMAT(/.5X,°TINE",d4X,” U=23¢ AR ,2X," TH-2)0 A", 2X,
% MA-226 AR®,2X," PB-210 AR®,2X," AM-243 AR°,

*2X," MP-239 AL",IX," PU-239 AR",ZX,” D-23% AL '.3‘!
a*pa-231 n-,n.-ncurn

99% 4TOP
[ 3 z]

",17218.2," (05/YR) ")

SUBROOTINE BAT (NCHMS,AL, T, MEC,CONE,THM21,TMIL, ML, TMI2, TH4AZ,

SPN4E3, THSL, ™TMS2, TRSI, T34, CONK)

DIMEXSION AL (5,14),T82L (14) ,MIL(14) , ™AL (261, ™3I2014),
STMEY (1 4) AT (14) ,EBXT{5,124] ,NEC{14) ,COMI (3,14} ,COMN{S5,14),
STHSL (14),TMS2 (146),T45 (14), ™34 (14)

B0 2 I1=1,MCHNE

WegEC{1)

D0 2 Jel,m

COMN (3, 3)=8.

S=-AL (I, 1)*T

Ir(3.CT. -1

SXT (3, 1)=6.

GO T0 ¢

#89)GO TO 5

BXT (1. 1)=BXP (3}
CoNTINUE
CoNTINVE
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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: thé labels for the scaling factors on the abscissa
should be reversed; that is, the first row of scaling-factor values should
be labeled "kpre'" and the second row should be labeled "kpost."



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 undertsken a formal application of one of them (hereafter
referred to as the decision-aiding methodology) for the purpose of obta1n1ng 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 resulte 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 l4,
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.



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 englneered 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.

1-2
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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 rep051tories 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 prov1des 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 tepos1-
tory in the following locations Athe 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)

S. 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 locétion 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 gite 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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1.2 SUMMARY OF THE OVERALL SITING PROCESS

\_ In seeking sites for geologic repositories, thé DOE divides the s1ting
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'rep051tory). This section
describes the site-screening process, which 1led to the identificatien 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

AN 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. Nat1onal prov1nce, 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 w1th 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.

The technical 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; Internat10na1
Atomic Energy Agency, 1977 NAS-NRC, 1978). v

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 sufflciently 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.

L 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.

1-6
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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:

e Bedded salt in the Michigan and Appalachian Basins of southern Michi-
gan, northeastern Ohio, western Pennsylvania, and western New York
(also called the "Salina Ba31n")

¢ 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 contr1buted to a collapse of strata ’
above the dome. '

Area-characterization studies® wete completed for the seven remaining dome
areas: Rayburn' s and Vacher1e domes in Louisiana' Cypress ‘Creek, Lampton, and
Richton domes in’ Hississippi' "and Keechi and Oakwood domes in’ Texas. The _geo— -
logic field ‘work conducted during this’ phase 1ncluded 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-~

3~ 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 QOakwood 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, 19813 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 ptoximity 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, 1982¢). The smaller locations were not large

enough for a repository and were therefore excluded from further considetation.i:

The larger location was designated the Elk Ridge location.



"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 pof 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 1mportant 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:
Davig 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 :to evaluate the three sites (Bechtel
Group Inc., 1983).  Harts Draw:was found.to be less desirable than the sites -
at Davis Canyon and Lavender :Canyon because .it.affords a greater total area -of
vigibility, :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 1n the Permian Basin

In 1976, the Permian bedded—salt dep081ts in the Texas Panhandle and west- i

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 focised 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 £ix 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—deta11ed geologlc 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. . -



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 potent1a11y suitable rocks, screenlng 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 appa}ently 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 stép '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. Thisistep eliminated approximately:half the :candidate
area. . P ,',"'j;,_' ) ) - R I R

Locations were identified through an evaluation of the subareas in51de and
adjacent to ithe Hanford .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 1dent1f1ed within the bounda-
ries of the Hanford Site. T . e RS : .

The 1dentif1cat1on of cand1date sites from among ‘the f1ve 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 mot as extensively deformed as nearby anticlines :and is underlain: -
by relatively horizontal strata. Sincé the other two sites were mot techni-:
cally superior .to those in the Cold .Creek ‘Syncline.-and Wwere claoser 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 s1tes in the Cold Creek AN

Syncline (Myers and Price, 1981).

Since preliminary ‘evaluations of the resulting 10 partly overlapping can-
didate sites indicated that ithe.:sites wWere ‘too closely matched to be differen-
tiated by routine ranking, a ‘formali'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 facili-:
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 loca-" . ..
tion." -In February 1983;:'the :DOE : 1dent1fied the reference repository location
as a potent1a11y acceptable site. RN : ‘ ;

sk . O N o amin

1.2.3. 2 Tuff in the Southern Great Basin, Nevada

s

At the same time that the DOE was consider1ng the Nevada Test Slte (NTS)
on the basis of :land use, the USGS proposed. that the :NIS be .considered for in-

vestigation as a potential’ repository~site for a variety of geotechnlcal rea—"-j”'

sons, including the follow1ng.»
L Southern Nevada is characterized by closed hydrologic.basins. This.ﬁ
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 NIS 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 argi111te
(a clay-rich rock), which occurs under the Syncline Ridge, near the center of
the NIS. 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 NIS. 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 NIS, 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., 1979) Because tuff previ-
ously had not been considered as a potential host rock for a repository,_
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 dlsadvantages 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 901nted out the cons1derab1e 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 concenttate 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 descr1ption. '

The guidelines. in‘IOVCFR 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 a11 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 sité on the basis
of a comparative evaluation of all’ potentially acceptable sites
in that setting. = = 4

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 character1zation 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. x

6. Perform a reasonable comparative evaluat1on 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 sctting) for nomination:

Geohydrologic setting Site
Columbia Plateau Reference repository location at
: . the Hanford Site, Washington
Great Basin o Yucca Mountain, Nevada
Permian Basin Deaf Smith County, Texas
Paradox Basin v ' ‘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.cdmpoéite 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 characteriz1ng them.

¢ Add credibility to_the dec181on 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, 19703 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) e . :
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The selection of multiattribute-utility theory for aralyzing the site-
recommendation problem is based on three advantages of the theory. First, it \\#J/
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 analys1s are the sensxt1v1ty 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. ) ~ : e ‘

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 dec1sion. :

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 \\’L
of analysis used here evaluates the overall desirability of each nominated ‘ /
- gite, 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' evaluateé 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).

12 OVERVIEW OF THE ANALYSIS
T : 1 7 N

The logic’ underlying multiattribute utility analysis is relatively SR E
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 \\_/L
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: S

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 sen51tiV1tjiana1yses'to'determine which models, data, tech-
nical judgments, and value judgments. seem most significant for
drawing insights from the analysis. = : e :

Each of the steps is.reviewed in more deteiljbelow,w'~

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

A basic premise.of the decision-aiding methodologfﬁis that the "good-
ness," or the utility, of a site, 6 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 tp organize -the. obJectives in .
a tree, or hieratchical, structure, as shown in Figure 2-1..: - - : -

The overall objective is to mlnimizevthe,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. .- .. o _ S .o ST ,
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MINIMIZE ADVERSE -

IMPACTS OF A
REPOSITORY
MINIMIZE ADVERSE MINIMIZE ADVERSE
POSTCLOSURE PRECLOSURE
IMPACTS IMPACTS
MINIMIZE ADVERSE MINIMIZE ADVERSE ‘ .
MINIMIZE ADVERSE MINIMIZE ADVERSE '
POSTCLOSURE PRECLOSURE ENVIRONMENTAL SOCIOECONOMIC MINIMIZE COSTS
IMPACTS ON PUBLIC IMPACTS ON iy e
HEALTH AND SAFETY HEALTH AND SAFETY

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 Figures 3-1 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 qua11ty
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 belng 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 gite impacts:and the interrelationships among these
factors. An example of -an.influence diagram is shown.later 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. S e »<<; i

- Step 2: 8pecify 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. o
affect each site and. to. estimate the performance of the repository under these -
conditions.. - o t : e e

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. . ) . S : L S "

- - S

Table 2-1. Example of constructed performance'measure for
the objective "minimize biological Impacts“ for a spec1f1c L _
problem context® - . DA o

Score o 7 Vrl i_bescription g“:
0 . No 16§s of productlve uetland and no members of rare, N
o specses present s S
) D LOSs -of 320 acres of product1ve wet1and and no members . - . -
.. of rare specues present BT I R )
S Loss of 640 acres of ~product1ve wetland ‘and no ‘members -

2 “. .. _< - of rare,species present or 30 members of rare species @ - - T
i - present and no productive wetland 1oss e Ceoet e

3 7 No loss'of productlve wetland and Soemembers of rare <10 T o T
cm oo -ospecies present Tt D0 g T Eo TR -
T=7 4 ' Loss of 640  acres of productwe wet'land and, 40 members“ e :
R “of vare’ species present T G L S O
57 Loss of 640 acres of product1ve yet1and and 50 members‘~' i_‘

of rare species present -

. ;*Modified after R. L, Keeney, Siting Energy Facilities, . -
Academic Press, New York, 1980. ~ "°° - ) : B
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For a scenario-to beiconsidered for'a-site; it must satisfy two condi- -~ 7. ¢
tions. First, it must be:reasonably likely to-occur.: Sequences of events or - \\»J/
processes- that are impossible or so unlikely as to not merit serious attention :©

are not considered. Second,a scenario’'must have a chancé 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 un1t if the sce-

nario occurs. . . . ¢ L . < S S : :

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 S1te on Each Measure and for Each Scenar1o

The next step in the methodology 1s to ‘assess each site, using the per-
formance measures developed in step 1 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- \\—J/
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 1mpacts to utility is
provided by a multiattributé 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 and ‘100 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 0 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 1ndicator 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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, apptopriate fot the siteievaluations.{'ﬁecause such'value judgments-urev :
\\_// 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 ’ i :

At this point in the methodologyn 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 postclosute and pre-
closure utilities into an overall composite utility for each site. This is
accomplished by multiplying -both preclosiure 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:
sociceconomic 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. T SR i

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-

\_~ blications from the original analysis are resilient under changes -in assump-
tions and judgments, they are more -likely to be wvalid. 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 methodolosy, such as the site impacts (step 3), should also be
varied. ' : v

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 Al - ' :

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 g
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 familiar with the information (i.e.,
' 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. Thé 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, valu.e~
judgments——were assigned to DOE management. In particular, four.senior DOE
managers in the Office of Civilian Radioactive Waste Management patticipated
in the specification of the siting objectives, the verification of indepen- .
dence assumptions required to define the multiattribute utility functiom, 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 walue tradeoffs among. impacts
before their aggregation into. the composite evaluation of the sites reported
here. : - LA :

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 (NRC). The technical guidelines . <
specify requirements on one or more elements of the repository system. Each - \\_/L
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 : o
disqualified. - Both the postclosire 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 ob;ectives 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. N

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 evidencerof the correspondence between -
the guidelines and the obJectives. S ' ) S \\_/L

With regard to the favorable and potentially adverse conditions, these
conditions are: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. - ) R

As an illustration of'the’relationshipvbetween: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.

t

*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 geohydrology, 1s included in the postclosure performance measures. - \_‘)
N . AN
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\\__’/ 5-1(a)(2)

5-1(a)(3)

5-2-1(a)
5-2-2(a)

5-2-3(a) -
5-2-4(a)

5-2-5(a)

— 5-2-6(a)

"closure radiological safety

System §uideiine oe

envirgnment, socioeconomics,
and transportation

System guideline on ease =
. and cost of siting, o

construction, operation,

“and closure

,‘ Popuiat;en deesity~end 7 :
_distribution . T

Site ownership and contru1 i

ﬁeteérﬁ!ogy,'

" Offsite installations and

operations

<

.AEnyironienta1 qeaiiéy

‘ Socibeconomic’jhpaéts T
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Table 2-2. Index showing correspondence between the qualifying
conditions of -the siting guidelines and siting pbjectiveSiA
N
Section 960 ~féuide1ihe_; ;ﬁe1eteﬁ s{t§n§ eﬁjecféve(s)‘
4-1(a) "System guede11ne on -
postc1osure_performance -
4-2-1(a) Geohydrology
4-2-2(a) . Geochemistry
4-2-3(a) . Rock characteristics - Radiological safety of the
public for 0 to 10,000 and
4-2-4(a) C1imat1c changes 10,000 to-100,000 years
- ; after closure
4-2-5(a) Erosion
4-2-6(a) uu sso'lntio‘n' )
4-2-(a) VTectonics
4-2-8-1(a) Natural resources
4-2-8-2(a) - Site ounership and control J
5-1-{a)(1) System guideline on pre- Radiological safety, public,

repository; radiological safety,
workers, repository; radiological

safety, public, transportation;

radielog1cal safety, workers,
transportatmon :

Nanradlo1ogtca1 safety. public,
repository; nonradiological
safety, public, transportation;
aesthetic effects; biological

‘effects; archaeological, cul-

tural, and historical effects -

 Nonrad1o1og1ca1 safety. workers._
- reposi tory; nonradiological

safety, workers, transportation;_
total repository costs; total

i ‘transportatuon costs’

« -Radiolegical’ safety. pub11c.
- repository

Radiological safety, publnc,

/,,repository

Radro1og|c31 safety. ub11c.
repasitory; nonrad:o1og1cal )

- safety, workers, repository;

__total transportation costs

Radiclogical safety, public,
repository; radiological safety,
workers, repository; total
repository ‘costs

- Nonradiologaca1 safety, publac.,
:“:reposttor¥ aesthetic effects;

- biclogica )

- logical, cuItural and historical

effects; archaec-
- effects

Sociceconomic effects



Table 2-2.‘ Ihdei showing correspohdéhcé between the qua1ifjing
conditions of the siting guidelines and siting objectives (continued)

Section 960 ' " Guideline Related siting objective(s)®

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

5-2-8(a) Surface cha;acteristics 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 - i 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 1 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 guldelines;' These guidelines \\/L
govern the application of all other guidelines in the evaluation:of sites and ;
establish general rules to be followed during siting. .0f: particular relevance

here is that they require that primary s1gn1ficance 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.rxpreclosure 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 ut111ty function, as explained in de-

tail in Appendix G (Sect1on 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 forICharacterization. The appli-
cation independently evaluated the éstimated performance of a repository at -
each potential site before and after closure. -This chapter describes the
analysis of postclosure performance.' o h : g

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 tepos1tory 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 derlved from the postclosure analysis are summar1zed
in Section 3 7.

3.1 THE OBJECTIVES HIERARCHY

As noted in Chapter 2, a multiattribute ut111ty‘anale1s is based on the
premise that the relative desirability of a site is détermined by the extent
to which the selection of that site would achieve the siting objectives. The
1mplementat1on 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 gulde the spec1f1cation of quantxtative 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 analysié 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.
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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, opetatlonallty, and decomposability.

The fundamental criterion for judging the postclosure performance of a
rep031tory 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 Aet), the DOE siting .

guidelines, and regulations, establlshed by other agencies. The length of this
postclosure period has been established by the U.S. Env1ronmenta1 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. cond1t1ons 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 1mp1ementat10n provisions of the siting guldelxnes (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 meet1ng the stringent
requirements for these time periods would continue to provide safe isolation.
for even longer time periods. '

Accordingly,lt§0~objec£iﬁes were defined:

1. Minimize the adverse health effects attfibuteble tokfhe 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 100,000 years after closure.

The term "minimize' is used in the statements of the above objectives to

indicate that, all other things being equal, a rep051tory 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 str1ct mlnlmlzatlon (i.e.,
selecting the site that would produce the smallest number of postclosure
health effects regardless of costs or other preclosure con31derat1ons) ,
undesirable. Performance against .the above objectives may have to be traded
off to obtain improved performance against preclosure objectives. Maklng 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 multiattr1bute utility analys1s.

"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 eng1neered barriers, all acting. together to conta1n and 1solate
the radioactive waste.



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 achiev1ng
the desired consequences will be- taken into account and assigned an appro-
priate degree of 1mportance. . . .

The two postclosure“obJectives defihed 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
obJectlves must be achieved in order to achieve the higher-level ‘objective of
m1n1m1z1ng adverse impacts on pub11c health and safety after closure.

- MINIMIZE ADVERSE POSTCLOSURE | . . .
. IMPACTS ON PUBLIC HEALTH AND y
o SAFETY .. |

FEENN

DURING THE FIRST 10,000 YEARS
AFTER REPOSITORY CLOSURE

~ il

MINIMIZE ADVERSE HEALTH EFFECTS |
ATTRIBUTABLE TO THE REPOSITORY ' |

MINIMIZE ADVERSE HEALTH EFFECTS
ATTRIBUTABLE TO THE REPOSITORY
DURING THE PERIOD 10,000 TO 100,000
YEARS AFTER REPOSITORY CLOSURE-

3

. Figure 3-1: Postcldsp'refquectiire’s{hiererchy._»
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- 3. 2 PERFORMANCE MEASURES

The second step in the postclosure analys1s cons1sted 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- .. o
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 influencé 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. 35 -



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 acéessible 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
cancerj 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 MEASURES7SELECTED 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 eccessible 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 10,000 to
100,000 years after:repository closure are estimated to be: 0.1 of -the EPA’
limits" means that_ the cumuldtive 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 y: the performance measure for the second time period,
10,000 to 100,000 years.

¢

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

Objective - .. .: = =~ . . 'Performance measure .- - -~ - . ‘Units’

1. Minimize the total © ye: - Cumulative releases of’ ‘Multiples of the release
number of health . . | ' radionuclides to the Jimits specified by Table 1
effects .attributable - accessible environment -~ . and Note .6 of Appendix A
to the repository . during the f1rst 10,000 of 40 CFR Part 191 for the
during the first © -~ years after - f1rst 10 ,000 years

-10,000 -years after . : repository closure .
closure o : P .

2. Minimize the total yz: Cumulative releases of Multiples of the release
number of health radionuclides to the Timits specified by Table 1
effects attributable - . . accessible environment and Note 6 of Appendix A -
to the repository ’ , _during the period .. 7. of 40 CFR Part 191 for the
during the period 710,000 to 100,000 - - - first 10,000 years
10,000 to 100,000 : - years after repository ' . e
years after closure - . closure N

3 3 SCENARIOS

The releases that will occur - if the repos1tory 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 sceharios. Credible scenarios were
developed by identifying the different processes,’ events. and conditions that :
might affect the performance of a repository at a 51te.r" . S

S

o -

.

3.3.1 METHOD USED FOR IDENTIFYING SCENARIOS

i

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 (&)
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 CFR 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. . . o

To identify scenarios that pose a credible tisk 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 tetained.

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 3fé. . Potentially signifjcant scenarios -

Scenario - : - . Description

) Nom1na1 case (expected cond1t1ons)
Unexpected features )
Repository-induced dissolution of the host rock
Advance of a dissolution front '
Movement on a large fault inside the controlled
area but outside the repository
~Movement on a large fault within the repository
-~ Movement on a small fault inside the controlled
. area but outside the repository
Movement on a small fault within the repos1tory
Movement on a 1arge fault outs1de the control1ed
area :
S 10a - © _Extrusive magmatic.event that occurs durrng the -
‘ first 500 years after closure -
“10b .Extrusive magmatic event that occurs 500 to 10 000
- years after closure’
1 . Intrusive magmatic event .
12 : Large-scale exploratory drilling
13 Small-scale exploratory drilling
14 ' Incomplete sealing of the shafts’ and the reposttory

OO N NHAWN -

3.3.2 ASSIGNMENT OF PROBABILITIES TO SCENARIOS

—/ : Each scenario was assigned probabilit1es that 1ndicate 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 reposltory. The members
of the panel are listed in Table A-2 of Appendix A. E

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 mlght 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 gite. The high probability was

\N_/'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 \‘/L
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- \\_/L
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~ A
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'slmp11fi—
cations of the complex processes. . that are involved. :

A more approptiate 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®

Scenario® Davis Canyon Deaf Smith Richton Dome Hanford Yucca Mountain
T 1 47 )
1 9.8 x 10~ 9.8 x 107 - . 9.8-x 107! 9.6 x107! . 9.8 x 107" .
- 8.0 x 107! 8.0 x 10°*.  : 8,0 x- 10~ -6.4 x 107" _...8.0 x 107"
1.0 x 1077 1.0 x 10" 1.0 x 107! 2.5 x 107" 2.0 x 10!
2 S ax 0 1.6 x 10-2 , .3 x 10-2 2.4 x 10-2" 1.9 x 10-2
0 ; , 0. ‘0 e o
3 N ©oUNec N R T TRe
4 . N ...« NC- ..  NC-- . iNC . .. X
: R o - 1.0 x1072 -
5 CaNe T ¥ ST s 3.2 x 107? . NA
, L e 1.0 x 1075
o 3.2 x107*
6 - NC NC NC 3.2 x 107 - NA
3.0 x 10°% . :
7 NA NA NC NA - NA
8 NC N NC CNA NA
9 NA ) NA - NA - NA “NA
L X0
wa . N o NN N T 50X 1070
. BN - . » . Sl L S C 1.0 % 10710
L - o . . tox10t
10b NC NC NC NC 1.0 x 10-¢
. o o - . ~ 1.0 x IQ"°
N - NCL . . i NC .. . NC - . -NC N
S0 x0T T T e x 107 S 100k 107 @ =
12 .0 2.0 107 L 2.0 x 1072 . 2.0'x 1073 NC NC
.0 x 1075 . -1.0 x 1078 1.0 x 10°°
13 7 - NA " S MG E N " S NA
1.0 x 1072 2.0 x 1072 5.0 x 10-2 1.0 x 10~
14 1.0 x 107* L 2.0x107* . 5.0x10*  1.8x10°7 . NA
g x 1070 2.0 x 105" - T 5.0°x 10757 ¢ 10 x 1073 -
- - : R S r t -

[ : ',x - - - :
*Key: NA = scenaruo Judged to have an 1ns1gn1f1cant effect on re1eases, NC scenario,judged
to be not credible.’ oo : -
® See Table 3-2 for descriptions. - SRS sl T : P ‘ =
€ The high'probability for scenaric 1 1s equa1 to 1 minus the sum- of the 1ow probab1]1t1es
of scenarios 2 through 14. . The low probab:l:ty for scenario 1. is_equal to 1 minus the sum of the
h}gh probab:lrtres of scenar1os 2 through 14, The probab111t1es iisted for scenario 1 are rounded
off. - .
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tations of the data for the sites, and appreciate the complexity of the proc-

of releases from experts who understand the analyses, know the extent and limi- \\_/L
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. \\‘/j
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PERFORMANCE MEASURE—Cumulative Refeases of Radionuclides 1o the Accessible Environmaent During the First 10,000 Years After Repository Closure

Cumuiative Releases
Over the First 10,000
Yaars as Muttiples of the
EPA Release Limits

Scale

"7 Characteristics of the Bite for Which the Cumulative Reieases on the Left Are Judged To Be Reasonable’

Ly

10

=

-

Ty

—_yp—

The characteristics and conditions at the site are such that, during the first 10,000 years after closurs, radionuctide releases o the ~
accessible environment are insignificant. This judgment is based on s combination of site characteristics that impflies an extremely .
Kmited potential for radionuciide releases from the engineered-barrier system and fransport through the natura! barriers to the
acceasible environment. One such combination would be—
¢ The quantity of rad! Hd tentially dissolved in ground water in 10,000 years is about 1 pomnt of the EPA release Emits
“ because of an extremely low volumetric fow rate of ground water across or lhrough the hosl rock fogether with gsochemical
ground-water conditions that very strongly Inhibil waste dissolution.
¢ The median travelime to the accessible cm:lronmoni ol any hy radionuclide is about 200 000 years because of cxtmnc!y favorable
~ “retardation of any tive or radi by physica! and chemica! p during transport fogether with an
extremely long ground-waur travel time. .- . .

The characteristics md eondlﬁom at the site are such that, duﬂng the first 10,000 mn after dosun. radionuclide releases fo the
ible envi t are y small. This judgment is based on a combinati that implies avery -
fimited potentiat for radionuclide releases kom the tnglmnrod-barﬂcr lntem and Inn:pon Iwough the natural barriers to the

accessible environment. One such combination would be— .

& The quantity of radionuclides potentially dissolved In §round waur ln 10,000 years ls bout 3 percent of the EPA release imits
because of an extremely low volumetric flow rate of ground water across or through the hoﬂ rock together with gcochamlcll
ground-water conditions that strongly inhibit waste dissolution.

® The median travel ime to the accessible snvironment of any key radionuciideis abouit 150.000 years btcluu of extremely Ilvonhle
retardation of any reactive or nonreactive radionucides by phyﬂcal and chemicat p during ransport togsther with an

txtremcly long ground-water mvel Ume.

The characteristics and conditions at the site are such ihlt. duvlng Ite first 10,000 mu sfter closure, radionuciide releases to the *
uccuslbh environment are very smafl. This tis basedonsa bination of site charactaristics that implies a imited
I for radl tid from the _' d-barrier syst ll'ld fransport Ihrough Ihe lutunl barriers fo the accessible
cnvl:onmnt. One such combination would be—
o The quantity of radi fides potentially dissolved in ground wahr n 10.000 ylm B sbout 10 p-runt of the EPA release Emits
because of a very low volumetric flow rate of ground water across or lhrough the host mcl: togelhor with geochemica! ground-wahr
' conditions that inhibit waste dissolution.
. 'l'h- median trave! ime to the lccuslble environment of any key radionuclide Is about 100 oon 0 years bocauu of very Ilvorlble
dation of any tive or radl fid by phydcai and chemlcal g 1t together with a very
long ground-water travel fime. s

The characteristics and conditions at the site are such that, during the first 10,000 years after closure, radionuclide releases to the

accessible cnvlronmenl are smail. This ]udgmen\ s haud on & combination of slte characteristics that implies some potential for

radi 1id from the U . Y and tr 1t through the natural barriers 1o the accessible onvlronmonl.

One such combination would be— T - .

[ me quantity of radionuclides potentially dissolved in g water In 10, 000 years is sbout 30 percent of the EPA release llrnlh

of a low vol tric flow rate of ground watar 4 8CT08S OF |hrough the host rock together with geoclumlcal gfound-mlnr

conditions that inhiblt waste dissolution. . .

@ The median traveltime o me b b tof any kay radl Rde is about so.ooo years because of favorable retardation
of any reactive or no: di fides by physical and chemicalp during tr t together with along ground-water .
wavel time. - . . : . :

I The characteristics and conditions at the site are such that, duving the first 10,000 voan sfter closure, udionuclldo releases o Iho
‘accessible environment are significant. This Mgmonl s based on a combination of site characteristics that | high p

for releases from the sngtl d-barrier sy and tr. rt th h the mturnl barrlcn %o the accessible environment. Ono

such combination would be— -~ - . - e

. The quanﬂty of radl fid tentiaB dL ved in ground water in 10, 000 years Il sbout 100 percent of me !PA nlnse Nmits

high vol tric fow rate of ground ml!r lcron or lhrough the host rocl: together with g ical g d water

eondmons M weakly Inhibit waste dissolution. H

6 The median trave! time to the accessible environment of any I(oy udlonucllde s lcn than 10,000 years l\emu of moderate '
retardation of any reactive or nonrucﬁve ndlonuclldes by physical and chemical p during transport together with &
moderate ground-water travel time. ) ' :

RS - N 4

The eharactermlcs lnd conditions ll the sue are such lhal during the nm w.ooo nan mr closun. radionuclide releases to the

are y significant. This judgment is Iused ona combination of site characteristics that implies an
extremety Mgh pot-nﬂal lof radionuclide releases from the gl yst lnd ! port ﬂwough the natura! barriers to
the One such bination would be— - ; ;
[ The qQuantity of udlonucllde: mmuny dissolved in ground water in 10 1¢3] yun lc aboul 1000 pctcenl of the EPA nluu lmm .
of an y high tric flow rate of ground waur across or lhrough the hom rock fogether with g
ground-water cmdmom that enhance waste dissolution. - . .
© The median travel time fo the accassible environment of any koy udkmuclldo l: Ius tlun 3000 yun of little retardation of
ahy reactive or nonreactive radionuctides by physical and ch al p g port together with a short ground-water
travel ime. I .

NI

NOTE: h must bo klpl In mind that the sst of site characteristics that leads fo any given score ls not uniqus. Equivalent combinations of psriormance hclou are given

in Table B-1.

Flgure 3 3 ‘Scale used to aid the judgmental estlmatlon of releases durmg the first 10 000 years after
repository closure.
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PERFORMANCE MEASURE—Cumulative Releases of Radl fides to the A ible Environment During the Time Period 10,000 to 100,000 Yaars After Reposliory Closurs

Cumulative Releases
Over the First 10,000
Years as Multiples of the

* 'EPA Reloass Limits

ER- 1

Scale Characteristics of the Site for Which the Cumulative Releases on the LR Are Judged To Be R B

Y

0001

1

AL

sxirsmely long gmnd-wllu travel Imo. :
—|‘l| i to the ibie envi, ot are sxtrematy small. Thlaludgmlrllabaudmacmunwondmchmchﬂwamd

. ‘l’ho characteristics -ul eondlﬂom o lhn slts are such ihtl. dulln. Iho pu'lod 10.000 h 100.000 yun alter elom. udlomcndt

f—10 — to the are Insignificant. This judgment Is based on a b ol site

‘ implles an -xtmmfy imited polonﬂd for radionuclide releases from the sngineered-barmier system and lmmporl through ﬂu
natural b the ible nt. One auch eomblnauou would be— .

1 o The quantity ol rad fides potentially dissolved In g d-water in 90,000 years Is ahoul 10 percent ol mo EPA release Imits

] because of an sxtremely low volumetrie flow rate of ground water letmulkougu the host rock together with geochemical ground

water conditions that very strongly inhibR waste dissolution.

e 1| © The median travei time to the sccessibls snvironment of any key radlonuclide Is about 300,000 years b iy 1 bl

retardation of any tive or thv rnd_lonuolldu by physical and chemical processes dudng hmpon togdhu with an

The characteristics and conditions st ths sits are such that, during the pariod 10,000 te 100,000 years after closurs, radlonuckde

Implln & very limited polmlld tor radionuckide releases trom the engineersd-barrier system and
to the nt. One such combination would be—
o'nu qulnﬂu of ndlonuclldu tentially dissolved in gr d water in 90,000 yearsis lbou :m pm:om ol the EPA release um
ty tow volumetric flow rate of gouml water 2CTOss OF through the host rock t with h

9

wound-wttt conditions that strongly inhibit waste dluolullon. .
oThe moditll travel ime to the bk nt of any d : 1.1 hamzso.ooon-u ol ly
of any tive or i ndlonucllduby,,'lml hemical pr durln| port together with an
ty long ground-water travel time. .

'rm characteristics and condmm it the slte ars such that, dudng the period 10,000 6 100,000 yun after closuce, radionuclide
to the ol are very small. This judgmeni is based on & combination of alts characteristics that implles
a limited potential for radionuclide releases from the enginesrsid-barrier system and transpodt through the nltufd barriers to the
accessible environment. One such combination would be— - .
©® The quantity of radionuciides potentially dissoived In ground water in 90.00. yoars Is about 100 percent of the EPA reisase Rmits
because of a very low volumetric flow rate of ground water across or through the hostrock togom- with goochcnucal ground-water
conditions that Inhibit waste dissolution. .

o The median travel ﬂmo to m. accnnlbh mvlronmom of any I:q ndlonuclldo h about 200,000 ynn b-cmu of very favorable
tioh ol any r phy during & P ther with a very
!ong gmund-valu travel ﬁmo. : )

The characteristics and conditions at the sits are such that, during the period 10,000 to 100,000 years after closure, radlonuclide

releases to the accessibie omlronmom are small. This ludgm-m Is Inud ona comblna!on of sits characteristics that impliss

soms limited p ol for lid from th or 8y port th h the natural barriers to

the accessible snvironment, One such combination would be—

. 1110 qutnm, of radlonuctides p Hally dissolved In ground water in 90,000 years ls about 300 pmm of ﬂu EPA release iimits
a low volumetric flow rate of ground water across or through the host rocl t

eondlﬂom M Inhibit waste dissolution.

s The mcdlan travel time o lhn ncuulbl. omlmnmom ohny I:.y udtonuclldohabounso,uno yoarsh oft, bler dati

ot any or fd by,. ysical and ch p P gether with atong ground-water

. travel ime., R - - I - )

m g ) ground-water

The charactstistics and conditions u the site are such M during the perfod 10,000 te 100.000 years altu clolun. udlonucﬂd.
releases 10 the accessible snviconment are significant. This judgment Is based on a of site that )
8 high potential for radionuclide releases from the snginesrsd-barrier sytlm and transpot mmugh the natural barriers 1o the
- accessible environment. One such combination would he—
® The quantity of radlonuciides p tially dissolved in g d water In 90, ooo yurs '] aboul 1000 pmm of Iho EPA ubm Hmits
because of a high volumetric flow rate of ground water across or through the host rock together with g ground water
conditions that weakly inhibit waste diasotution.
® The median travel time to the moulbln mvlronmanl of any koy radionuciide Is about 100 ood years bocouu of moderate
retardation of any tive or by p cal and chemk l during t p gether with a
moderate ground-water travel ime. ’

TM characteristics md condlllom ] Iho site are such that, during the pericd 10,000 to 109,000 years aﬂu closure, ndionuclldo
to the iy significant. This ludgmom s buod ona of site
that Impiies an -xtmﬂy high potontlal lov radionuclids ref from the ¥y and port through the
natural barriers to the Ible nt. One such combination wouldbe— - . . - )
® The quaniity ofradionuclides p iafly dissolved im gr d water in 90,000 years is about 1&.000 ol the EPA rek Hmits
because of an extremely hlgh volumetric flow nu ol grwnd water across or mtough the host mck tognm.l with geochemical
ground-water conditions that snh waste dl .
® The median travel timeto the. Ible envl tola ykq di fid hlbou"o.ﬂwynu ol little dation of any
tive or th di lldes by physical and ch pr during t thi \vlﬂl ashort grouml- water Iravol

3

P

time.

NOTE: 1t must be kept in mind that the sel of site characterisics thal leads lo any given scors Is not unique. Equivatent combinations of performance factors ars givu

in Table B-2.

Figure 3-4. Scale used to aid the judgmental estimation of releases occurring durlng the period 10,000 to

100,000 years after repository closure.
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The scale was chosen to be geometric (e.g., O 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 eites (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:

e A féctor,'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 parémeters are expiained 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. ' T : : :

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 descriptioms.

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 scemario 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®’®

Davis Canyon® ithe Richton Dome® __Hanford®
Scenario® 0-10 10-100 0-10 10-100 0-10 10-100 0-10 10-100  0-10 10-100
10 10 10 10 10 10 10 10 10 10
1 10 10 10 9 10 10 8 7 0 9
8 8 8 7 8 8 4 4 5 5
10 10 0 10 10 10 10 10 10 10
2 9 9 8 8 9 9 6 6 8 8
5 5 5 5 6 6 2 2 2 2
3 NC ONe NC NC NC
4 NC NC NC NC NC
10 10
5 NC NC NC 7 7 NA
3 3
9 9
6 NC NC NC 6 6 NA
2 2 X
" -7 NA NA NC NA NA
8 NC NC NC NA NA
9 NA NA Y NA NA
7 9
10a NC NC NC NC 2 7
0 3
' : 7 10
10b NC NC NC NC 3 7
S : , R . 0 2
" - - SR
10 10 10 10 10 0w S ‘
12 9 9 9 9 8 g NC NC
6 6 6 6 4 4 :
13 . NA NA B 7 S
"0 %0 1w - 1w w10 0 10 ‘
14 S 1 10 9 W .10 7 7 NA -
o 3 -3 L

v

* Key: NA = scenar1o judged to have 1nstgn1f1cant effect on releases' NC = scenario Judged
to be not credible. ) o
® Higher scores are more destrab1e than lower scores. .
€ The numbers 0-10 and 10-100 represent 0 to 10 000 years after closure and 10,000 to 100 000
years after closure, respectively.
9 See Table 3-2 for descrlpttons
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will rank the Hanford site lower than the salt sites. Analogohs 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 1limits; 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 follow1ng notation will help to simplify
the description of this method. Let y™'"™ denote the smallest possible re-
leaces from a repository site (for simplicity, y™'" was assumed to be zero)
and let y"** denote the largest releases. In the assessment of a utility
function for the first time period, y™** was taken to be ten times the EPA
limits, in accordance with the performance-measure scale of Figure 3-3.. The
utilities of y™** and y™'® are denoted by Ui(y™**) and U,(y™'").

Various release levels between y™'® and y™** were then considered until
one was found, denoted y', such that it was judged equally desirable to change
a site with y™** releases to the level y' as it would be to change a site
with y' releases to the level y™'". 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., Ui(y') is one half
of Ui (y*'") + Ui1(y™**)). The same process was repeated to find other
mid-utility points (e.g., the mid-utility point between y' and y™**) 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
= 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 y™** 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(y1) = 100Q1 - y1) (3-1)
and o v .
U2(yz2) = 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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Range of Expected
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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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Figure 3-6. Assessed utility of cumulative releases during the period 10,000
to 100,000 years after repository closure.

3-21



When utilities that are proportional to releases are plotted as a func-
tion of scores that represent geometrically increasing releases, the curves \,,L
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
Repository Performance
During the First 10,000 Years
After Closure -

100

-100
-200
-300

-400

Utility (U,)

-700

Score: 0 1 2 3 4 L 8 7 8 9 10

Releases (y,): 10 1 101 102 102 10

Figure 3-7. Utility plotted as a function of the score for the first 10,000 years
after repository closure.
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N~ : ‘ Range of Expected
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Utitity (U,)

-600

-700
-800
-900

AN -1000

-1100 B
Score: 0 1 2 3

Releases {y,): 102 10

-

| 1 1 ] | 1
4
1

107 10-2 10

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 (yr. ¥y2) (Ue, U2}

EARLY PERIOD: O 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
S 0.0316 96.84
4 0.1000 90.00
3 0.3162 68.38
2 1.0000 0.00
1 3.1623 -216.23
0 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
? 0.0316 99.65
6 0.1000 98.89
S 0.3162 96.49
4 1.0000 83.89
3 3.1623 64.86
2.09 9.0000 0.00
2 10.0000 -11.1
1 31.6228 -251.36
0 100.0000 ~1011.11

2 Multiple of EPA limits for the first 10,000
years after repository closure.

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 Si, S2,...,5x denote the scenarios to be considered at
a given site. For a given scenario S, let yi1(S;) denote the estimated
releases during the first 10,000 years. Similarly, let y2(S:) be the re-
leases estimated for 10,000 to 100,000 years after closure. Let U;[y.(S:)]
and Uz{y2(S:)] denote the utilities for the releases y:(S:) and y2(S;).

The combined postclosure utility for a site given a scenario S; is obtained
from an equation of the form
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Upost(S1) = kalUi[y:1(S1)] + k2U2ly2(S:)], : (3-3)

where ki and k2 are scaling factors. The linear additive.fotm,.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 k) and k: 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 k, 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, k; 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, k: 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, k.
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 k: and k2, the DOE managers

(Table A-4) were asked to estimate societal preferences for hypothetical per-
. . formance outcomes. The considerations involved hypothet1ca1 sites that would
N 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 0). 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 2 oxe
‘A4 o001 0 1007 100 o0
2 o 0 . T 0.000 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 regulafibns 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 -
Upose = kag(10'4) + k2U2(100) = 99.99%, - 1011.11k..

Similarly, the postclosure utility of site B is

U:Q.g = k1U1 (10) + k2U2(107%) = -900.00k: + 99.99k:.
Because indiffergnce between the two cases implies equal utility,
99,99k; - 1011.11%, = -900.00k; + 99.9%:,

which implies that

ki = 1.111k,.
If the scaling factors are normalized to sum to unity,

ki + 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,

kl = 1-0 and kz = 0-0

were selected as one extreme for sensitivity amalysis. 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

[
Upost4

kU1 (107%) + k2U2(10) = 99.90k; — 11.11k;.
D
Upogr

€201 (10) + kaU2(107) = -900.00k; + 99.99ks.
Assuming indifference iﬁplies that ;He,;wd utiiitiésque.equalt tﬁéh

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

3.5.3 SPECIFICATION OF THE MULTIATTRIBUTE UTILITY FUNCTION'

According to the mu1t1attr1bute utllity theory, which is descrlbed 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) = PlUpost(SI) + PzUpost(Sz) + .. fvaUpos't(smﬂ)s (3-4)

where Upese (Si1) is the postclosure utility of the site for scenario S;
(computed from Equation 3-3) and'p; is the probability assessed for scenario
S: for the given site (where i = 1,2,...,m). .Thus, the expected utility is
obtained by weighting the postclosure ut111ty of . the site for each appllcable
scenario by the probablllty of the scenario and summing the results.

Equatlon 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, evaluatlons 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 example%ﬁthat 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.%0, 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.
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© . Table 3-6. Compited base-case expected releases and postclosure utilities®

[ixoehtgd_:glgasgsf

Expected

SRS - Equivalent
. N 0-10,000 10,000-100,000 0-100,000 postclosure release per

Site years® . . years® years® utility: 10,000 years”:®
Davis Canyon .03k 1074 0 71,03 x 1073 1.13 x 1073 99.99 1.09 x 10~°
Deaf Smith 15 x 10780 T 3,26 x 107 3.38 x 1073 . 99.98 2.33 x 10-%
~ Richton Dome Treax 0t Tajoa x 1073 1.15 x 10-3 99.99 1.10 x 107*
Hanford Ca2sx 107 L 3.32 x 1072 3.44 x 1072 99.76 - 2, 41 x 10'3
yucca<M0untain o 11;47 x Tt 3,28 x 1073 3,40 x 1073 99.98 Z. 35 % 1074

‘A ‘ See text- for epranation.

Fraction of EPA 11mits for the First lo ooo years after

repositor} 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 magmatiec
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 3-10. 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
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case expected utilities.
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Figure 3-11. 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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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 k; and k: 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 k; =1 and k. = 0 to
k: = 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
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3-38

.005

.10
.20
.30
.40
.50
.60
.80
.90

1.0

Equivalent Releases per 10,000 Years (Fracil"- of EPA Limits)

s_/



100
99.5
99.0
98.5
98.0

97.5

{100
20
80
70
60

50

Expected Utility

40

30

20

10

=

eaf Smith, Yucca Mountain

Davis Canyon, Richton Dome

/'Haniord

1

x0.1 . x1.0
. Factor Accounting for Possible Error in Release Estimates ..

x40

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 (87.5 to 100).
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Figure 3-17. 'Ranges illustrating uncertainty in postclosure utilities and releases.

Arrowheadé 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 oécur, 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-
jiance) 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, thé 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. S

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 IV to 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.
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As is readily -evident, the minimization of preclosure impacts is defined .- -

to be equivalent. to achiev1ng to the extent practicable the following four»
major. obJectives. . B Yo ,

.Minimize adverse impacts on health and safety before closure.
Minimize adverse. environmental impacts.: :

Minimize adverse socioeconomic 1mpacts.

Minimize costs. .o i - CoLtan

The meanings of each of these maJor obJectives are made more. prec1se by sub—'
objectives and by the definition of the performance measures . in Section 4, 2.'

Regarding preclosure health and safety, the possible 1mpacts 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 &4-1, 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. : o :

4 2 PERFORMANCE MEASURES

For each of the lowest-level objectives in Figure b=y 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 milljons 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 objeéctive "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 measuted by constructed scales.

A listing of the 14 preclosureiobjectives and the associated performance
measures is given in Table 4-1. For convenience in future reference, the per-
formance measures are:designated Xi: through X: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 1ns1ghts 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 operationj air pollution; and transportation. For most of the
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Table 4-1. Objectives and perforﬁance measures

6bjectfve: .i' . ' o . 7: Perforpaﬁce measure .

: HEALTH—AND-SAFETY IMPACTS

1. Minimize worker health effects from oy repos1tory—worker rad1o1og1ca1
radlatlon exposure at the repos1tory o ) fatalities -

2. Minimize public health effects from ‘ o ;,;Xzz -public radio1ogicaT fatalities
radiation exposure at the repos1tory 7 from repository ;

3. Minimize worker-hea]th effects from .. - ... X3¢ repository-worker nonradlologtca1
nonradiological causes at the repository . - . fatalities . .-

4. Minimize public health effects from- - - X,:- public nonradiological fatalities
nonradiological causes at the repository from repository

5. Minimize worker health effects from Xs: transportat1on-worker radiological
rad:atwon exposure in waste transportation - fata11t1es

6. Minimize public health effects from m_ Kei pub11c radiological fatalities
radiation exposure in waste transportation ) - from transportation

7. Minimize worker health effects from ©* . Xy: transportation-worker. nonrad1o1ogrcal
nonradiological causes in waste } fatalities . o
transportation o »

8. Minimize public health effects from Xg: public nonradiological. fatalities
nonradiological causes in waste - . from transportation. . .. :
transportation

ENVIRONMENTAL IMPACTS .. I A
9. :ﬁiniﬁiee adverse aesthecic‘impacfs o '?x;:; constructed sca1e (see Tab]e 4—2)

10. Minimize adverse archaeological, © il X407 constructed scale:(see Table 4-3)
historical, and cultural impacts T e . .

11. Minimize adverse biological impacts Xy1: constructed scale (see Table 4-4)

SOCIOECONOMIC IMPACTS

12. Minimize adverse sociceconomic impacts X}is;éenstr;cfea ;e51é (seé‘fﬁbie 4-55*
- C e . ECONOMIC IMPACTS .. . ... ... .

13. M1n1m1:e rep051tory costs o ('jA'l '&i: X,,. M11110ns of dollarsfi

14, M1n1m1ze waste—transportatton costs ; 5‘,;( X.g. m11110ns 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 \\,L

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 1mpacts
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 spec1es. :

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. : L

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: 0 corresponds to no impact and higher levels desig-
nate increasingly adverse impacts.

4.2.3 SOCIQECONOMICS 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.
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Table 4-2. -Performance measure for adverse aesthetic impacts.from the
’ .-the repository and waste transportation

e YRV WvnL e

Aesthet:c impacts in

~ Impact level
v e - the :affected area®'®

NN 0 s .+ . . .-None, . : (.
T N T . - . One minor effect
2 e f ST Twe ninofieffecés
3 - -Three minor -effects . . .
\4 L o Hf: .ﬁbne ﬁejoree?feotfa'e‘
5 e .+« u. . {Two major effects -
) ) .

"+ Three major effects :

The 1ocat1ons of such components are such that-—

[ e Ty
"';,‘,'!.‘ P .

*Major effects are deftned as the fo1low1ng. . 13“~.?ﬁ-

The affected area contains components of the Natlona1 Park system, National
Wildlife Refuge system, National Wild and Scenic River. system, National Wil-
derness Preservation system, National Forest. Lands, or a comparab]y signifi-
cant State resource area, or.an aesthetrc resource that is unique to the area.

~ Four or more key observation, points or. sensatave-receptor .areas within the
resource area are on the 11ne of saght or Wlthln aud1b1e dtstance of the
project and/or-. .. .. . . . T

-~ Some key observat1on p01nts or sensntuve-receptor areas on the 1‘ne of
sight or within audlble distance of the pro;ect attract many v1sxtors.

"The locations of res1dences. populat1on centers, maJor vrstas, 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 wlth|n a vvsual set- :

" ting that would sign1f1cant1y contrast with the projectr

.The Jocations .of resxdences, populat:on centers. maJor v1stas. natural or

cultural landmarks, public recreation-areas, or public highways are such that
the project would bé audible and would exceed established noise criteria.

®Minor effects are defined as the foIIowIng. o 3;gg»~ o
The affected area contains components of ‘the Nat:onal Park system. Nat10na]
Wildlife Refuge system, National Wild and Scenic River system, National Wil-
derness Preservation system, National Forest Lands, or-a comparab1y signifi-
cant State resource area, or an aesthetic resource that is unlque to the area.
The locations of such.components -are such. that——

'QT:Ihree or fewer key observatvon povnts or sen51t1ve-receptor areas wtth:n

‘the resource area are on the line of sight or within audible dtstance of
the prOJect and/or C e R S - .

- iNo key observatlon po1nts or sens1t\ve—receotor areas on the 11ne of s1ght
‘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’ hrghways are such that

fthese zounts are on the project's line of sight but are within a visual set-

ting that would not s1gn1fscant1y contrast with the pro;ect.v

The 1ocatlons of re51dences popu1at1on centers major vastas, natural or
cultura) landmarks, public recreation areas, or public highways are such that
the project would be audible but would not exceed established noise criteria.



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®
0 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

f The perfprmance mgasure?is defined by the following::

Historical property of minor gsignificance: A historical property that is
of local or restricted significance, but does not meet the criteria of sig-
nificance for the NationaT'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 archaeolog1cal site that is representative of
a period of t\me for which: there aré many examp\es)

maj ifi : A hlstorvca1 property that meets
the criteria of stgntficance 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 s1te 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.

: 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 physvcal barriers).

: 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).



Table 4-4. . Performance measure for adverse biological impacts

" from the repository and waste transportation

Impact level

Biological impacts in the affected area

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.

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.

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 bio1ngica1 resnurces are not unique.in the ‘region.

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 TEE species or _portions of the habitats does
. not threaten their reg1ona1 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 thevr regional abundance. N -

Other affected blolog1ca1 resources are not un1que in the region.

. Threatened»and endangered (T&E). species:and/or habitats :for T&E
. spec1es 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 the1r reg|ona1 abundance vt

and o

Bio1ogica11y'sensft%ve,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 resgurce areas

l .threatens the1r regwna‘l abundance. el co 4

AOther affected blologIca1 resources are unique in the reglon.
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Table 4-5. Performance measure for adverse socioeconomic impacts

from the repository and waste transportation:

Impact Tevel

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-retated 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 uses,?
and no adverse impacts on water resources are expected.

A1l land is State or federally owned, and no commercial, residential, or
agricultural displacement is expected.

In-migrating population of 5000 persons is dispersed over an area with a
population of 50,000. Moderate upgrading of the public infra-
structure® 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 reésidents; 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,?
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.

‘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 infrastructure® 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
L from the repository and waste transportation
(continued)

Impact level Socioeconomic impacts in the affected area®

2 Repository activities are somewhat 1ncompat1b1e with existing land -
(continued) . wuses,? and minor impacts are expected; minor diversion of water
resources from. other activities is also expected.

Half of the land is privately owned, and commercia1, res1dent1a1
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 transportat1on infrastructure®

. is required to accommodate reposrtory—related growth in affected com-
‘munities. Constderable new housing (a 75—percent 1ncrease) 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 3 region with 5000 employees is expected to disrupt existing
business patterns and to lead to substantial econom:c declvne after the
completion of waste-emplacement operations.

Negative impacts are expected on existing land uses,? and minor drver-
sion of water resources from: other act1v1t1es 1s expected

\\..// AN 1and is prlvately owned and commerc1al. reSIdentlaI, or agracu1tura1
displacement 1s expected.

L " ¥
4 In-mrgratlng populat1on of 10, 000 persons is concentrated in a few com—
munities in an area with a popu1atlon of 10,000. Major upgrading of the
public infrastructure® and of the transportation infrastructure® is -
required to accommodate repository-related growth in the affected com--
munities. Considerable new housing (a 75-percent increase) is also
expected '

,Affected commun1t1es have- homogeneous 11festy1es. values. and social
. structures that do not match those of the in-migrants; conflict between
current and new res1dents is expected

Direct and indirect emp1oyment during reposrtory operataon of 5000 in a
region with 5000 employees is expected to disrupt existing business pat-
terns and to lead to substantial economrc dec!tne after the comp?etton
of waste—emp1acement operatlons.

- Reposutory actvv!ttes are 1ncompat1b1e with exlstung land uses,? and
negative impacts are expected ‘major diversion of area water resources
is 11ke1y, resu1t1ng in lmpacts on development in the affected area.

A]l Yand is pravate1y owned, and commerc1a1, res1dent1a1, or agr1cu1tural.
dlsp1acement ls expected ' ‘

2 Soc1oeconomlc 1mpacts equ1va1ent to those 11sted in the tab1e.
5 The public infrastructure includes schools; medical facilities: polrce 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’ esttvng land uses are agrvcu1tura1 and resvdentral uses, uses
\_/ re1ated to tourvsm, and uses reIated to local recreatlon.
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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 weére 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
congervatism, 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 impacts?

Performance measure

Richton Dome

Deaf Smith .

Davis Canyon '

Yucca Mountain

Hanford

Xy

X2

X3

Xa

Xs

Xe

X7

Xgl

Xy

X0

X|!>

X1z~

Xis

repository-worker
radiological fatalities

public radiological
fatalities from'repository

.repository-worker non- .
radiplogical fatalities

public nonradiological
fatalities from repository

transportation—wofkef
" radiological fatalities

public radiological :
fatalities from:
transportation

'transportation—wofker :
nonradiological
fatalities

ﬁuinc nonradio1ogicél :
fatalities from.. -
. transportation

aesthetic impacts
(see Table 4-2).

.archaeological, historical
and cultural impacts
(see Table 4-3) Co

biological impacts @ .

(see Table 4-4) .
‘sociosconomic impacts
(see Table 455), L

‘repository cost .
© (millions of dolTars)

transportation cost -’
(mi11ions of dollars)

2 (<1-4)

0.7 (0.3-1.5)

-27 (17-36)

0 (0-0)

0352 (0-0.73) -

2.4 (0-3.4)"

©1.3,(0.6-2.1)

5.3 (2.4-8.5)

[N

" 01-3)

-y

7 4(1-8)

0.5.(0-1)

2,67 (2-3.5)

- 9000 (5850-12,150)

970 (260-2040)

n

2 (A1-4)
0.5 (0.1-1)
26 (19-39) |
0 (o-Si |
0.6; fo-o.eo)

2.9 (0-4.1)
1.6 (0.73-2.6)

6.7 (S.I-Id;Bf

4 (3-5)

1 (0-2.5)
2.33 (i.sfsi
1.67 (1-3)
9500 (5155-12;625),;

1120 (300-2350)

2 (<1-4)

<0.1 (<0.1-0.2)

27 (17-36)

0 (0-0)

.73 (0-1.0)

3.5 (0-4.9)

" 2.1.(0.96-3.4)

8.4 (3.9-13.5)

6 (6-6)

3 (2.5-5)

3.5 (2.67-4.5)
2 (1.33-3)

10,400 (6760-14,040)

1240 (330-2600)

4 (<1-9)

0.1 (;0;1-<o.1)'
18 (12-28)

0 (0-0)

0.81 (0-1.1)

4.1.(0-5.7)
2.5 (1.1-4.0)

10.2 (4.7-16.4)

4 (1-5)

i (2-3}5)

2 (1-2.67)

0.67 (0.33-2)

7500 (;875-10:125)

1400 (380-2940)

9 (2-17)
6.{ (<o.1-1,si
iai(za-ss)_

0 (0-0)

0.9 (0-1.3)

4.3 (0-6.1)
2.7 (1.2-4.3)

11.0 (5-17.7)

1 (1-2)

0.5 (0.5-3)

2.33 (1-3.5)

0.33 (0-0.67)

12,900 (8385-17,415)

1450 (390-3040)

ARanges are given in pafentheSes..”




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 accidernts
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 nonrad1ologlca1 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 TfanSﬁortation’

'Ttansportétioq'assgssments 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 is-a:potential 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, thé.dose-response relatlonshxp 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: rep051tory. The
influence of a facility for monitored retrievable storage (MRS) on. ' :
transportation assessments is not explicitly considered bécause the_MRSi
facility is not authorized by the Congress.at this time.

4.3.2 ENVIRONMENTAL IMPACTS

As mentioned, the env1ronmenta1 1mpacts were assessed by technical spe-
cialists familiar ‘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-receptor :iareas,: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 m1ght
occur and their sxgnif1cance. A detailed discussion of these judgments is
given in Appendix F.. . coo T " S Cu L T p

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 :thig 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
ident1fying better ways to m1t1gate potent1a1 damage ‘to ident1f1ed properties.

The appraisal of b1olog1ca1 nmpacts is based on a descr1pt10n 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 nonuniquej: nonsens1t1ve, nonendangered, and common through-

\__/out the reg1on)
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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. ;o : :

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.
N aggregate implications in terms of the individual obJectives, using value
tradeoffs and att1tudes toward risk.

This section presents the mu1t1attr1bute 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 spec1f1c 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: (1dent1fied in Appendlx A) in
the DOE’'s Office of Civilian Radioactive Waste Management, which is respon51-'
ble for recommending sites for characterlzation to the Secretary of Energy. = |
The assessment of the multiattribute utility functlon 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 cons1stency checks. .To develop. the form
of the multiattribute utility function, which is essent1a11y a model of values,
one uses value-independence concepts in the same way that probab111st1c 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*

. 14 - . R .
u(x],....x]‘) = 121 - 1/200 ].E—l KlCl(xl)’ . (l‘-l)

where the C; (4 = 1,...,14) are component d1sut111ty functlons represent1ng
units of the respective performance measures with natural scales and percen-—.
tage of the range of impacts for the constructed scales, and the K;

(i =1,...,14) are positive scaling factors representing the value tradeoffs
between unlts of the corresponding performance measure: and repos1tory costs

*The more common way of wr1t1ng the add1t1ve utility functxon uis

u(X1. cesX14) = A+ B z k.u.(x.), ,_,;v; ' L (4_2)
where the u, (i = ,...,14) are the component ut111ty funct1ons scaled from 0 to 1, the k,
(i = 1....,14) are ‘scaling factors that sum to 1,.and A'and B » 0 are scaling: constants chosen
to scale v in a manner that facili- tates \nterpretlng 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 a1l 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 K; (i = 1,...,14) - °

are directly 1nterpretab1e as the assessed value tradeoffs and: the C, (i .z 1,...,14) are .
\\\_//,sxmply the units of impact. With Equation 4-2, the k, and the u, are derived from the

value tradeoffs and the sca11ng convent1on for the problem. Since preferences decrease with

increasing impact levels, the minus sign in front of the 1/200 term 1n Equation 4-1 is needed

and the C, ‘can be interpreted as disutility functuons. Do
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measured in millions of dollars. The specific C; and K; 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 represént-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 funct1on is additive and because the component
utility function for- repository cost is linear, it is particularly easy to
interpret units, réferred 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 C; and the K; terms in Equation
4-1, some examples are helpful. The component disutility function C; for
worker cancer fatalities from the repository is simply x:, which represents
the number of such fatalities.’ For aesthetic impacts, thé 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 Cs(6) = 100.
Since Cs(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 Ks is 4, which means that the impac¢t 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 K;4 = 1 means that a million dollars in transportation cost is
deemed equivalent to a ‘million dollars in repository cost. That K13 =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(x1’¢o~,xl4) = l.zl chl(xl)s (4-3)
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Table 4-7,

(

and equivalent-consequence function

Parameters in the base-case multiattribute utility function

Performance measure

_____________ut111sx:£nnntinn_somnnnents_________

Component disutility function C

Xy

X2

X3

Xa

Xs

Xg

X2

Xs

Xg

Xyo

X1

Xq2

Xas

X114

repository-worker radiological
fata1ities

ipublic radio\ogica1 fataiities '

from repository

repository-worker non-
radiological fatalities

public nonradiological
fatalities from rapository

transportation-worker
radiological fatalities

pub1ic radiologicaT fata1ities
from transportation

‘transportation-worker non-

‘radiological fatalities -

public nonradioiogical .
fatalities from transportation

aesthetic impacts (see Table 4-2)

arthaeolobical, etct,‘impacts”
(see Table 4-3)

biological impacts (see Table 4-4)

socioeconomic impacts (see Table 4-5)

:repository cost (mi114ons of

dollars)

transportation cost (mil1lions of
dollars), .

Lowest  Highest Value
Tevel level tradeoff K

0 30 1

0 10 4

0 100’ 1

0 10 4

0 10 1

0 10 4

0 10 1

0 20 4

0 6 1

0 5 0.2

0 5 0.3

0 4 5
4000 19,000 1
200 4200 1

X1
X2
X3
Xa
Xs
X6
X7

Xs

‘c9(0)=oo c9(1)=3l. Ca(2)=6, c9(3)=9n

C5(4)=33, Ca(5)=67, Cs(6)=100
C10(0)=0, Cy0(1)=12, Cyo(2)=23,
C10(3)=56, C10(4)=78, Cyo(5)=100

C11(0)=0, Cy1(1)=4, Cy1(2)=10,
C||(3)=18.,C;|(4)=40. C11(5)=100

€12(0)=0, C12(1)=8, Cy2(2)=20,