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8.3.5.12 Issue resolution strateqy for Issue 1.6: Will the site meet the

performance objective for Ere-waste-ggglacement ground-water travel
time as required by 10 CFR 60.113?

,Regulatofy basis for the issue

One of the NRC performance objectives for high-level waste repositories
is stated in 10 CFR 60.113(a) (2) as ‘

The geologic repository shall be located so that pre-waste~emplace=
ment ground-water travel time along the fastest path of likely
radionuclide travel from the disturbed zone to the accessible
environment shall be at least 1,000 years or such other time as may
be approved or specified by the Commission.

The disturbed zone has been defined'qualitatively in 10 CFR 60.2 as

That portion of the contzrolled area the physical or chemical
properties of which have changed as a result of underground
facility construction or as result of heat generated by the
emplaced radioactive wastes such that the resultant change of
properties may have a significant effect on the performance of the
geologic repository.

The accessible environment has been defined in 10 CFR 60.2 to mean
the atmosphere, the land surface, surface water, oceans, and the portion of
the lithosphere that is outside the controlled area. The controlled ares,
defined in 40 CFR 1891.12(g), means :

(1) A surface location, to be identified by passive institu-
tional controls, that encompasses no more than 100 square
kilometers and extends horizontally no more than five kilo-
meters in any direction from the outer boundary of the origi-
nal location of the radioactive wastes in a disposal system,
and (2) the subsurface underlying such a surface location.

The current reference locations of the boundaries of the disturbed zone
and accessible environment at Yucca Mountain are subject to change and are
established now only to provide a planning basis for a site specific approach
to resolution of this issue. Solely for the purposes of this discussion, 2
distance of 50 m below the midplane of the repository is used as the boundary
of the disturbed zone (see Section 8.3.5.12.5 for discussion of plans for
defining a more formal boundary of the disturbed zone). A preliminary
definition of the boundary of the accessible environment, taken from Rautman
et al. (1987), is shown in Figure 8.3.5.12-1. The final definition of the
boundary of the accessible enviromnment will be determined by Subactivity
1.6.3.1.2 (Section 8.3.5.12.3.1.2).

The fastest path of likely radionuclide travel is not defined in the
regulation. For the purpose of resolving this issue, the DOE assumes that it
is possible to identify geographically or geometrically distinct pathways for
likely radionuclide travel at the Yucca Mountain site. One of these pathways
is the generally downward flow of liquid water through unsaturated zone

8.3.5.12-1
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hydrostratigraphic units underlying the repository level to the water table
and then to the accessiblé environment. The flow in this pathway could be
through pores in the rock matrix and through fractures in these units. Path-
ways may also be identified with potential fracture zones associated with the
Ghost Dance fault or other faults that may significantly affect flow times
through the site. In addition, there may be local zomes within the hetero-
geneous system in which the necessary values of hydrologic parameters are
sufficiently correlated that a discrete, rapid velocity pathway can be
identified. The ®"fastest path of likely radionuclide travel® will be the
path (or set of paths from the total set of possible paths) where radio-
nuclides will move with the least travel time.

The approach described here and the activities within this issue will
support a demonstration of compliance with 10 CFR €0.113 requirements by
providing for the determination of the distribution of pre-waste-emplacement
ground-water travel times along the fastest path of likely radionuclide
travel from the disturbed zone to the accessible environment. Though water
may move through the unsaturated zone in both liquid and vapor phases, this
issue is concerned only with the travel time of liquid water. The direct
effects on performance of vapor flux through the unsaturated zone are
addressed by Issue 1.1 (Section 8.3.5.13). Vapor flux through the unsatu-
rated zone at Yucca Mountain may significantly influence both the magnitude
and direction of liquid water flux and will therefore be considered in
determining ground-water (liquid) travel time.

Within the following text of this overview section, the background of
this issue is discussed followed by a discussion of the issue resolution
strategy, and the relationship between the issue and the information needs.

Background

The present understanding of hydrogeologic conditions at Yucca Mountain
is described in Chapter 3. The proposed repository will be located in the
unsaturated zone, and ligquid-phase releases of radionuclides to the acces-
sible environment will probably occur in the saturated zone after migration
downward through the unsaturated zone. This means that the flow paths of
concern will have two parts: - an approximately vertically downward portion
through the unsaturated zone and a generally horizontal portion through the
saturated zone (Figure 8.3.5.12-2).

The site parameters that describe the hydrologic characteristics along
these general paths, as well as any other paths that may be identified during
site characterization, will be measured during the characterization process.
The hydrogeologic test plans that support the resolution of Issue 1.6 are
addressed in the geohydrology program (Section 8.3.1.2). An additional
requirement for resolving Issue 1.6 is the confirmation and refinement of
conceptual models for flow through the saturated and unsaturated zones at the
site. Plans for development of these models are also described in the
geohydrology program. ‘ '

Current- concepts generally distinguish two general modes of ground-water
movement through the unsaturated zone.

8.3.5.12-3
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1. Flow gredcmlnantlx through pores in the rock matrix., In this mode,

the time of water movement through & given volume of rock is
dominated by flow through the small but abundant matrix pores of the
tuffaceous rocks. Current data on site characteristics and 11kely
flux values beneath the repository depths suggest that this is the

. predominant mode of ground-water movement from the disturbed zone to
the water table (Section 3.9.4). Although local regions of fracture
flow may exist along significant fractions of any flow path, contin-
uous fracture flow probably does not occur along the entire distance
of any given flow _path from the dlsturbed zone to the water table.

. 2. Continuous flow through fractures or faults. In this mode, the flow
rate is relatively rapid because flow along one or more entire paths
is constrained to the relatively large but sparse openings consti-
tuting @ fracture network. Continuous fracture flow from the dis-
turbed zone to the accessible environment may be caused by various
sequences of events and may occur in only one general location or be
distributed throughout the site. This flow may be caused by epi-
_sodic or continual lateral diversion of water toward a fault; by an
‘average, sustained percolation rate higher than the values of matrix

..saturated conductivity; by periodic, high intensity infiltration
events at the surface; or by other means (Section 3.9.4). The con-
ditions necessary to induce and sustain fracture flow, if such
conditions exist at the Yucca Mountain site, are addressed by the
geohydrology program, Sections 8.3.1.2.2 and 8.3.1.2.3. Continuous
fracture flow beneath the potential repository is not considered
‘likely at Yucca Mountain (Montazer and Wilson, 1984; Peters et al.,
1986; Sinnock et al., 1984a, 1986; Wang and Narasimhan, 1986).
However, because implications of such flow include short travel
tzmes, this mode of flow will be considered in resolution of this
issue. B -

The strategy for determining ground-wiater travel times is to account for
the current uncertainty about flow mechanisms that may occur at the site, as
well as uncertainty about the spatial distribution of rock characteristics
along flow paths and about boundary conditions. Therefore, site data are
needed to reduce the current uncertainty about whether the likely ground-
water flow paths include continuous fracture flow. Flow in both the matrix
and fractures in the unsaturated zome will be considered on a probabzllstxc
basis, unless site data unambiguously support a position that continuous
fracture flow is not likely enough for serious consideration.

In the saturated zone also, the general pathway for water movement prob-
ably includes travel through alternating matrix blocks and fractures. For
purposes of conservatively evaluating ground-water travel time, the saturated
zone will probably be treated solely as an equivalent porous medium where
fracture properties characterize the medium.

Approach to resolving the issue .

The general approach to'résolviﬁg this issue, and others, is dis-
cussed in Section §.2.2. Specifically, the strategy for resolving this
issue entails the definition, characterization, and assessment of multiple

8.3.5.12=5
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barriers to ground-water flow. By dividing potential flow paths and flow
processes into discrete categories, the DOE conceptually can establish mul-
tiple, qu331-independent natural barriers to which goals for ground-water
travel time can be assigned. For raesolving Issue 1.6, the multiple natural
barriers are considered to be distinct hydrogeologic units that occur along
potential flow paths. For purposes of developing the strategy for resolving
Issue 1.6, the distinct hydrogeologic units are defined using thermal and
maechanical characteristics. - If the listing shows these units to be insuffi-
cient for describing hydrogeologic flow paths, the stratigraphy will be
revised accordingly. This approach to resolving Issue 1.6 is valid
regardless of the stratigraphy that is used to define the distinct hydro-
geologic units. Within each unit different types of general flow processes
may be distinguished, including advective flow in rock pores, similar flow in
fractures, and diffusion between and within the matrix and fractures.

The strategy is based on current understanding of flow behavior in each
of the hydrogeolegic units and current assessments of tha relative contribu-
tion of each process in each unit to flow velocities. The strategy will
identify any significant discrete pathways for likely radionuclide travel and
investigate the flow behavior in these pathways. Separate goals of 1,000 yr
of travel time, with varying degrees of confidence, are assigned to the
several hydrogeologic units under flow conditions dominated by the several
processes. If any combination of a single unit and set of processes can be
shown to meet the goal of 1,000 yr, the issue could be considered resolved.
However, all units will be characterized and evaluated. If several units and
associated processes meet their goals, confidence is significantly enhanced
that the repository site, considered in the whole, will meet the 1,000-yr
requirement. This defense-in-depth approach is designed to provide reason-
able assurance that the site will comply with the NRC performance objective,
even given the uncertainty about flow mechanisms and flow path characteris-
tics that will remain after site characterization.

: Specifically, resolution of Issue 1.6 requires several steps as shown
schematically in Figurs 8.3.5.12-3. The process for resolution (the center-
line in Figure 8.3.5.12-3) is designed to account for both conceptual and
parameter uncertainties (left and :1ght lines, respectively, Figure
8.3.5.12-3). The first general step is performance allocation where relevant
characterizatxcn needs are established through a five-part process:

1. Identifying all hydrogeologic units along potential flow paths to
the accessible enviromment and identifying all potentially operating
processes within each of these units.

2. Classifying hydxogeolcgic units and flow processes as primary,
secondary, and auxiliary "barriers® to establish a defense-in-depth
basis ‘for reasonable assurance that flow tims to the accessible
environment is at least 1,000 yz. -

3. Establxshzng measuras of performance (i.e., travel time) that allow

ccmparzsons of the flow behavzor in each unit to the 1,000-yr flow
~ time requirement.

8.3.5.12-6
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4. Assigning goals and assocrated levels of confidence for each
performance measure.

5. Identifying relevant parameters ‘and associated levels of confldence
that will be used to predict the travel time and associated uncer-
tainty through each unit.

The second general step is performance assessment, which involves
defining, constructing, and applying models to make travel-time predictions.
The final step, performance evaluation, entails comparlson of predlcted
travel times to the goals for each unit, then comparing the travel times in
all units in combination to the 1,000-yr requirement to assess the likelihood
of compliance with the 1,000-yr travel-tlme performance obJectzve This
final step includes some, as yet ill-defined, process for assessing the
validity of the predictive models (Section 8.3.5.19). Each of the parts of
performance allocation, the first general step, is discussed in the
immediately following pages. Current plans for .the second step, performance
assessment, are outlined in the succeeding discussion of Information Needs
1.6.2 through 1.6.4 (Sections 8.3.5.12.2 through 8.3.5.12.4). The third
step, performance evaluation, is not explicitly addressed because the
criteria for evaluating the degree of compliance with performance objectives

are not yet known., A summary of the performance allocation process for this
issue is provided in Table 8.3.5.12-1.

Both technical and institutional uncertainties affect the approach to
resolving Issue 1.6 presented in this section. Technical uncertainties
surrounding the determination of the ground-water travel time along the
fastest path of likely radionuclide travel arise from (1) the uncertainty .
about the validity of current conceptual models of hydrologic flow and
(2) the uncertainty about the spatial distribution of the parameters that
describe the hydrologic flow system. Reducing technical uncertainties
associated with pre-emplacement ground-water travel time predictions is the
goal of the site characterization act1v1t1es.

The institutional uncertainty relates to the difficulty in defining the
_:acept of "fastest path of likely radionuclide travel®™ and the approach to

oetermlnlng the ground-water travel time along that path for licensing
purposes.

If an approved approach to evaluation of the pre-emplacement ground-
water travel times evolves that differs from that presented below evolves,
the site data collected in response to the preliminary plan described in this
section should be sufficiently generlc to be applicable. Periodic reeval-
uation of the potential for changes in site data needs caused by changes in

requlatory interpretations is recognized to be an important aspect of the
overall issue resolution process. '

Step 1. Flow system identification

The components of the natural setting that compose a portion of the
Yucca Mountain geologic disposal system are shown in Table 3-17

8.3.5.12-8
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Table 8.3.5.12-1.

Summary of performance allocation for Issue 1.6 (ground-water travel time)

(page 1 of 2)
Rydrogeologic o 4
components Allocation Performance Performance Neede . Performance
available® of reliance® Process® measure goal (yr) confidence parameters
Seconda Darcian flow GWTT® 1,000 Low | Sée Table
TSV econcary 10, 000 Very low 8.3.5.12-2
: . 4 hu ‘parcian no§ : .Gu'n‘ . 1,000 Righ See Table"
Ctinv ety o | 10,000 Low 8.3.5.12-2
CHinz - Primary Darcian flow GWIT 1,000 High See Table
' ‘ ‘ 10,000 Low 8.3.5.12-2
PPw Auxiliarcy Darcian flow " GWTT 1,000 Medium See Table
v 10,000 Very low 8.3.5.12-2
PPn Auxiliary Darcian flow GWTT ‘1,000 Medium See Table
: ‘ 10,000 Low 8.3.5.12-2
BFw Auxiliary Darcian flow GWTIT 1,000 Medium See Table
10,000 Very low 8.3.5.12-2
BFn Auxiliary Darcian flow GWTT 1,000 Medium See Table
10,000 Very low 8.3.5.12-2
§2 Secondary Darcian flow ~ GWIT 1,000 Low See Table
10,000 Very Low 8.3.5.12-2
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Tﬁble 8.3.5.12-1. Summary of performance allocation for Isaué 1.6 (ground-water travel time)

(page 2 of 2)
Hydrogeologic v
coaponents Allocation : . performance Performance Needed Performance
available® of reliance® Procesas® measure goal (yr) coanfidence? parameters
Combination Darcian flow GWIT 1,000 High
of all units o 10,000 High

d vitric; Clinz = Calico Hills nonwelded

ng welded; Clinv = Calico Hills nonwelde
BFn = Bullfrog nonwelded; SZ = saturated

zeolitized; BPn = Prow Pass nonwelded; BFw = Bullfrog welded;

zone. -
bIf a significant thickness of the unit occurs along the fastest path of likely radionuclide travel.

oparcian flow (advection) with dispersion will be relied upon for matrix dominated flow; Darcian flow
with both dispersion and diffusion will be relied upon if substantial continuous fracture flow is identi-~

tied during characterization. _ 4
diigh, . at least two standard deviations below the mean; medium, at least one standard deviation below

the mean; low, less than the mean; very low, less than one standard deviation above the mean {see Step 4,
cformance goals). Goals and confidence levels were established to guide site studies for the hydrology

of the entire site to support resolution of Issues 1.1 and 1.6,
eGWTT = ground-water travel time along the fastest path of

aTsw = Topopah Spri

likely radioauclide travel.
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(Section 3.9). These ccmponents are defined as hydrogeologic units (system
components) that occur along potential ground-water travel paths between the
disturbed zone and the accessible environment. There are seven units in the
unsaturated zone: (1) Topopah Spring welded unit (TSw), (2) Calico Eills
nonwelded vitric unit (CHnv), (3) Calico Hills nonwelded zeolitic unit
(CHnz), (4) Prow Pass welded unit (PPw), (5) Brow Pass nonwelded unit (PPn),
(6) Bullfrog welded unit (BFw), and (7) Bullfrog nonweldedvunit (BFn) . The
‘saturated zone (SZ) in its entirety is defined as a separate, eighth unit.
‘As site characterization progresses, it may be determined that the hydrologic
units .need to be subdivided to characterize more adequately the ground-water
flow paths to the acce351ble environment.

Each of these hydrogeologlc units can be subdxvxded into two types of
physical elements that may be considered to define distinct pathways. matrix
pores and fractures. Fractures, in turn, are considered to exist as two
types: (1) distributed networks and (2) fault zones. This classification,
though unit specific, is designed to account for thoroughgoing fracture
pathways, distributed throughout the rock mass or along fault zones, that may
extend uninterrupted from the disturbed zone to the water table and along the

saturated pathways to the accessible environment.

The spatial locations of flow paths from the disturbed zone to the
accessible environment are generally through the unsaturated zone to the
water table and along a S5-km distance in an approximately down-gradient
direction along the upper part of the saturated zone. Although a defini-
tion of the boundaries of the disturbed zone is not yet fim (Information
Need 1.6.5, Section 8.3.5.12.5), this discussion uses a distance of 50 m
below the midplane of the repository as the boundary. The hydrogeologic
units that may be relied upon depend to a certain extent on where this
boundary lies; however, the ability of the site to meet the 1,000-yr
ground-water travel-time criterion probably is not affected much by moderate
departures from this definition. The thickness of each unsaturated
hydrogeolog;c unit between the assumed boundary of the dasturbed zone and
water table is shown in P;gure 8.3.5.12-4.

Each of the two physical elements (fractures and matrix) of each hydro-
geologic unit is considered a potential pathway for water flow. Several
processes may be used to describe flow along each pathway. Darcian flow with
dispersion in fractured porous media is the process that will be used as a
baseline case to describe water movement through the unsaturated and satu-
rated hydrogeologic units. Dispersion is a mixing and spreading process that
should be considered to account for the times of first arrivals in a travel-
time distribution. Dispersion is believed to be caused by small- to large-
scale heterogeneities along a flow path. The dispersive effects of medium-
to large-scale heterogeneities will be addressed by accounting for macro-
scopic property variations along flow paths, and small scale effects may be
addressed, if they are shown to accelerate szgnxf;cantly first arrivals, by
assigning a dispersivity factor to each unit.

If diffusion of inert tracers between matrix pores and fracture openings
is relied upon, the characteristics and limitations of the diffusive process

8.3.5.12-11
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must be adequately characterized. Because radionuclide travel may occur by
particles larger than inert tracers (such as colloids), characterization of
colloid formation and behavior is also planned. The diffusive character-
istics of radionuclides and colloids will be investigated under the geochem=
istry program (Section 8.3.1.3). Section 8.3.5.13 (Issue 1.1) provides more
discussion on the transfer of particles between the matrix and the fractures
by a diffusive process.

Step 2. Selection by hydrogeclogic units and flow process

1f the current conceptual model for the unsaturated zone is valid, each
of the hydrogeologic units listed previously is a barrier that, in and of
itself, is likely to have travel times of at least 1,000 yr along some path
of likely radionuclide travel (Figure 8.3.5.12-5, top). Current analyses
(Sinnock et al., 1986) indicate that the fastest path of likely radionuclide
travel from the disturbed zone to the water table will probably occur beneath
the east-northeast region of the proposed repository (Figure 8.3.5.12-5,
bottom). Only two unsaturated units occur in this area; the Topopah Spring
welded and Calico Hills zeolitic units (Figure 8.3.5.12-6). All potential
paths of liquid water flow from the disturbed zomne to the accessible environ-
ment include segments of flow in the saturated and unsaturated zones.
Accordingly, a level of performance has been allocated to the Topopah Spring
welded, Calico Hills nonwelded zeolitic, eand saturated-zone hydrogeologic
units (Table 8.3.5.12-1).

Sinnock et al. (1986) assumed one-dimensional steady-state, vertical
flow through matrix and fractures of the unsaturated zone and concluded that
the Calico Hills nonwelded zeolitic unit has travel times along the fastest
paths much greater than 1,000 yr. Based on these analyses, this unit is
allocated a high level of performance and is referred to as a primary
barrier. The Topopah Spring welded unit and the saturated zone are consid-
ered secondary barriers, and are allocated lower levels of performance. The
Calico Hills vitric unit, where present, is also thought to provide rela-
tively long travel times, comparable to or greater than those in a similar
thickness of the zeolitic facies of the Calico Hills tuffs, though this unit
probably is very thin or absent below the northeast portion of the current
facility design where the fastest flow paths to the water table are likely to
occur. . .

Because of uncertainty regarding how to determine the fastest path of
radionuclide travel, flow from the entire disturbed zone boundary over the
entire site will be included in the distribution of travel times from which
the fastest path will be identified. For the entire site, the vitric portion
of the Calico Eills unit would also serve as & primary barrier, as indicated
in Table £.3.5.12-1. The Calico Bills vitric unit has a higher saturated
hydraulic conductivity than the Calico Hills zeolitic unit and is therefore
more likely to have drained to lower saturation and higher suction,
particularly in view of its greater distance above the water table. There-
fore, matrix-dominated flow can be assumed with more confidence in the vitric
unit than in the more nearly saturated zeolitic unit. If the regulatory
basis for defining the fastest path is, as expected, restricted to
geographical regions of least flow time, it might be prudent to modify the

§.3.5.12-13
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proposed location of the repository to ensure that at least a minimal
thickness of vitric Calico Hills tuff occurs along all flow paths from the -
disturbed zone to the water table. '

Other units (e.g., BFw) will also contribute to a longer ground-water
travel time; howavar, the diffarent, scmetimes zaero, thicknesses of these
units (Figure 8.3.5.12-4) for diffarent flow paths requires that their role
in resolving the issue be considered somewhat differently. For the purpose
of this allocation, these units are termed auxiliary. This allocation
strategy may change as additional data and understanding ars obtained.

Flow through the unsaturated units of Yucca Mountain includes the
possibility of localized sustained flow in fractures (Montazer and Wilson,
1984) . Under the current conceptual model, if substantial, continuous
fracture flow exists at the site, it probably will not occur throughout broad
regions. Sustained flow in fractures is most likely to occur only along a
major geologic structural featurs such as the Ghost Danca fault or faults
bounding the site to the east. This may occur if a sufficient flux of water
is diverted laterally to the structural features where the water could then
drain quickly through fractures along the fault to the watar table (Rulen
et al., 1986). Temporary or steady-state ponding of perched water near the
structural features is presently considered possible within and above the
nonwelded units. Therefore, if water moves as continuous flow in fractures
to the water table, it probably occurs in down-dip areas along the eastern
portion of the site, where the Calico Hills vitric unit is thin or absent and
the zeolitic unit is nearly saturated. Portions of the praviously discussed
pathways, particularly those at shallow depths, may experienca fracture flow
following episodic, high infiltration asvents.

Under the present conceptual model, liquid flow in the unsaturated zone
is predominately downward. However, lateral diversion of water at some unit
contacts is possible. If such paths are established as likely during site
characterization, they would then be used as tha basis for determining travel
time. There is a credible possibility that, below the repository level, very
little liquid water is moving in any direction (e.g., if flux << 0.5 mm/yr)
and that a nearly static condition prevails (Roseboom, 1983). A significant
possibility also exists that, in terms of quantities of water, downward flux
of liquid water is less than the upward flux of vapor (Montazer and Wilson,
1984). These possibilities will be investigated during further development
of the hydrologic model, as described in the geohydrology program. 1Ia lieu
of more definitive information, the assumption of net, downward movement of
liquid flux probably is a conservative basis for calculating ground-water
travel times, .

An auxiliary facet of the strategy for assessing ground-water travel
times involves the estimation of ground-water ages at different points along
the flow paths. Geochronology using carbon, chlorine, and hydrogen isotopes
in ths ground water can provide a basis for estimating ground-water residence
times. Results of such studies are generally subject to significant uncer-
tainty regarding the identification of flow paths, mixing of waters of dif-
ferent ages, etc. However, data on residence times (ages) of water along the
potential pathways are expected to be very useful for helping to interpret
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ground-water travel times calculated with numerlcal models, Standard hydro-
chemical data may also be used to help determine whether computed travel
times are consistent with the isotopically determined ages (Section
803.10202) .

Step 3. Performance measure

The probability or frequency distribution of calculated ground-water
travel times is the performance measure for each hydrogeologic unit. Ground-
water travel time is an obvious choice because of its direct relationship to
10 CFR Part 60.113(a) (2) and because time is a fundamental quantity. The
measure of performance for each hydrogeologlc unit will be expressed as a
cumulative distribution curve.

Uncertainties associated with parameter values will be addressed by
randomly sampling the properties from an empirical probability distribution
function that describes natural variability within each hydrogeologic unit,
as well as uncertainty associated with that variability. The effects of
diffusion (between the fractures and the matrix) will be considered.

Finally, the uncertainty in the travel time caused by alternative conceptual
models will be incorporated in the cumulative distribution curves, perhaps by
subjective weighting of the alternatives based on peer review.

The cumulative distribution curve of travel times for each hydrogeologic
unit is intended to encompass all relevant sources of uncertainty. This
implies neither that all uncertainty will be objectively quantified nor that
the cumulative distribution curve will be a measure of the true travel-time
distribution. Rather, the curves will represent the uncertainty associated
with parameter measurements as well as the uncertainty associated with many
professional judgments about the likely effects of the various sources of
parameter and conceptual uncertainty on flow mechanisms. Thus, in combi-
nation, the cumulative distribution curves will provide a performance measure
that allows informed judgments about the likely range and uncertainty in the
travel time from the disturbed zone to the accessible enviromment.

Step 4. Performance goals

. The overall performance goal desired for the ground-water travel-tzme
measure for the combination of all hydrogeologic units between the disturbed
zone and the accessible enviromnment is 1,000 yr at a high level of confidence
(Table 8.3.5.12-1). This goal has been established to guide studies that
support the resolution of Issue 1.6 and is considered to be extremely
conservative. To achieve the desired confidence in the total site, perform-
ance goals of 1,000 yr are set for several individual hydrogeologic units to
establish multiple barriers and implement a strategy of defense-in-depth
(Table 8.3.5.12-1). Figure 8.3.5.12-7 shows examples of a histogram and an
associated cumulative distribution curve for the overall performance measure
of ground-water travel time from the disturbed zone through 2ll the units
that make up the unsaturated zone. These examples from Sinnock et al.,
(1986) are based on the net effects of matrix flow, with no diffusion.

8.3.5.12-17
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Performance goals of 1,000 yr are set to establish a direct basis for
assessing compliance with the performance objective. Goals for 10,000 yr are
included to provide a second point on the cumulative distribution curve,
thereby lending a degree of assurance that minor shifts in the whole curve
{e.g., due to conceptual or parameter uncertainties) will not lead to
significant differences in the likelihood of travel times less than 1,000 yr.
Also, 10,000 yr goals, if met, provide a basis for a defense-in-depth '
strategy for resolving Issue 1.1, which addresses releases of radionuclides
over a 10,000-yr period. The confidence goals set for each unit for both
1,000-yr and 10,000-yr travel times are based on results of preliminary
evaluations by Sinnock et al. (1986), exemplified in Figures 8.3.5.12-5 and
8.3.5.12-7. - : L ‘

The confidences indicated for the two travel-time goals for each
individual unit range from very low to very high (Table 8.3.5.12-1). Five
levels of confidence are assigned; very high, high, medium, low, and very
low. Very high indicates that the goal lies at least three standard
deviations below the mean of the ground-water travel time distribution; high
indicates that the goal lies at least two standard deviations below the mean;
medium, at least one standard deviation below the mean; low, less than the
mean; and very low, less than one standard deviation above the mean. The
differences in assigned confidences depend on such factors as saturation in
each unit, frequency and apertures of fractures, thickness of each unit, and
percentage of the repository area underlain by each unit. Confidence for the
required travel time to the accessible environment would be high if the goal
is met for various individual units, or (because of the redundancy among
individual units) very high if goals are met for several of the various
individual units. - : '

The confidence desired for travel time through both Calico Hills units,
CHnv and CHnz, is highest of all units, consistent with their designation as
primary barriers. A confidence level of low was set for the TSw unit because
only a short path length may exist below some portions of the disturbed zone
and because of the greater likelihood of fracture flow through significant
portions of this densely fractured and welded unit than through the CHn
units, Confidence levels for the auxiliary Prow Pass and Bullfrog units
(PPw, PPn, BFw, and BFn) are lower because they occur only beneath part of
the repository area (Figures 8.3.5.12-4 and 8.3.5.12-6). The goal for the
saturated zone, a secondary barrier, is assigned relatively low confidence
based on current, conservative estimates of saturated zone flow times (DOE,
1986€b) . L ‘ ’ ‘

Comparisons of calculated ground-water travel-time distributions (Figure
§.3.5.12-5) with the performance goals (Table §.3.5.12-1) provide the basis
for determining if each hydrogeologic unit meets its goal. This performance
evaluation will be done after more data are available and aew curves are =
calculated by determining from the cumulative distribution curves the likeli-
hood that travel time is greater than the performance goal (e.g., 1,000 yr).
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Step 5. Parameter needs

The parameters required to satisfy this issue are those that can
establish a basis for reasonable assurance that the performance goals are
met. This assurance can be achieved, in large part, if it can be demon-
strated that water flows predominantly through the matrix rather than the
fractures. This would occur if the water flows through a sufficient volume
of matrix pores for at least some minimal portion of each unit to which a
goal has been assigned. For each unit, the sufficient volume of pore space
may ba expressed as effective porosity, n,. The minimum portion of each unit
may be expressed for a given flux, q, as distance, d, along a flow path
(generally equivalent to thickness of units in the unsaturated zone, assuming
vertical flow). The condition of flow through the matrix may be expressed by
a ratio of percolation flux to the saturated hydraulic conductivity of the
matrix, q/K,. If this ratio is less than some threshold value, generally
taken to be scmewhat less than one, a potential (expressed as suction pres-
sure) for additional moisture retention will exist in the matrix materials
and the entire flow volume will tend to move through the matrix. This, in
effact, means that if flux exceeds matrix saturated conductivity, fracture
flow is expected to occur. However, where flux is less than the conduce
tivity, the resulting potential will tend to draw water from adjacent
fracturas into the matrix pores until pressure equilibrium is established
batween the matrix and fractures. The water that remains in fractures at
this equilibrium pressura will occuzr in apertures generally equal in diameter
to the largest saturated matrix pores or cling to asperities equal in radius
to even larger unsaturated matrix pores holding water in menisci. Because an
air-gap constrictivity genmerally occurs along fractures with apertures lazger
than the radius of partially saturated matrix poraes (Wang and Narisimhan,
1985; Montazer, 1982), flow along fractures under suction pressures tends not
to occur and flow across fractures may be considered an extension of matrix
flow. As the ratio q/K, decreases, the potential for moisture absorption by
the matrix increases, assuming the matrix pores can drain (i.e., assuming
they are not bounded downstream by a region whers flux exceeds conductivity).

Because local heterogeneities in saturated conductivity can result in a
chaotic distribution of regions where scme have q/K, values less than one and
others have q/K, values greater than one, particularly where flux is about
equal to the mean of the probability distribution of conductivity,
transitions may occur from fracture to matrix flow along any given path.
Therefore, a sufficient portion of every flow path in each unit is sought
where q/K, is less than one in freely drained conditions. Given satisfaction
of this inequality, seepage velocity can be assumed to equal the flux divided
by the effective porosity of matrix materials, and travel time to equal the
flow path distance divided by the seepage velocity. By allocating a required
travel time (or times) to each unit, a combination of desired flux, effective
porosity, and flow distance can be specified that cause the travel-time goal
to be met. Further, if current conservatively estimated valuas for effective
porosity and flux are defined as the desired conditions, then a minimm
desired thickness of matrix flow can be defined for each unit. This process
of quantifying desired parameter values was followed to defins the values
shown in the performance parameter goal column of Table 8.3.5.12-2,
ccmpleting the performance allocation process for Issue 1.6.

8.3.5.12-20
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Table 8.3.5.12=2, Perforhance parameters for resolving Issue 1.6 (page 1 of 2)

Hydrogeologic Performance Current estimated Performance parameter Current Desired
unite . parameter® " range® ' ' - goald.® confidence confidence
TSw q <0.5 mm/yr <0.5 mm/yr Low Low
q/KX, 0.005 to 50 <0.85 Low Low
Ne 0.01 to 0.2 >0.05 Low Low
d Oto60m >10 m (100%) Medium Low
CHav q < 0.5 mw/yr <0.5 mm/yr Low High
q/K, - 0.,00005 to 5 <0.95 Medium High
Ne 0.15 to 0.45 >0.2 Medium High
q 0 to 160 m >2.5 m (100%) Lowt High
: >25 m (80%) Lowt Medium
od . .
w CHne . 20,3 mm/yr - <0.5 mm/yr Medium High
Y S q/K, 0.005 to 50 <0.9 Medium High
- 0.2 to 0.4 >.2 - - Medium High
" 0 to 140 m >2.5 m (100%) Lowt High
~ - - >25 m (80%) - Lowt Medium
PPw <0.5 mm/yr <0.5 mm/yr Low Medium
q/x, 0.0005 to 0.5 <0.85 Low Medium
n, 0.015 to 0.35 >0.1 Low Medium
- a ‘0Oto40m >5 m (80%) Medium Medium
PPn q . < 0.5 mm/yr <0.5 mm/yr Low " Medium
q/K, 0.005 to 0.5 <0.95 - Low Medium
ng 0.1 to 0.45 >0.2 Low Medium
a 0 to 140 m >2.5 m (508) Low ‘Medium
BFw q <0.5 mm/yr <0.5 mm/yr Low Medium
q/K, 0.0005 to 0.05 <0.85 Low Medium
Ne 0.05 to 0.4 >0.1 Low Medium
d Oto70m >S5 m (20%) Low Medium

b
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Table 8.3.5.12-2. Performance parameters for resolving Issue 1.6 (page 2 of 2)
Hydrogeologic Performance Current estimated Performance parémete: Current Desired
unite parameter® range® goald.® confidence confideance
BFa q <0.5 mm/yr <0.5 mm/yx , Low Medium -
q/%, 0.0005 to 0.5 <0.95 ‘ Low Medium
ng 0.1 to 0.4 >0.2 Low Medium
d OQto SO0 m >2.5 m (108) Low Medium
sz dh/d1 " 0.008 <0.001 Low Low
K, 0.1 to 1000 m/yx <10 m/yr Low Low
n, 0.0001 to 0.0 >0.01 Low Low
d 0 to 5000 m 1000 m _ Low Medium

arsw = Topopah Spring welded unit; CHav = Calico Hills noawelded vitric unit; CHaz = Calico Hills
nonwelded zeolitized unit; PPw = Prow Pass welded unit; PPn = Prow Pass nonwelded unit; BFw = Bullfrog

welded unit; BFn = Bullfrog nonwelded unit; SZ = saturated zone. o
bq = flux; K, = bydraulic conductivity of saturated matrix pores; n, = effective porosity; d =

ot 3 un section 3.9, Figure 8.3.5.12-4., and Sinnock et al. (1986).
dparenthetical values for d indicate the desired percentage of the repository area underlain by the

indicated thicknesas. '
oA thickness of greater’'than 10 m for 100 perceat of the area below the repository is based on a

disturbed zone thickness less thaa 50 m. ,

fLow current confidence in meeting the goal is based on a moderate to high confidence that the goal
will not be met because of the abseace of the units below portions of the current repository area (see
Figure 8.3.5.12-4); additional site data are unlikely to increase current confidence, relocation of the
repository facilities is probably required to achieve the desired coafideace, therefore achievement of

these goals must be considered in the coantext of trade offs with goals for design issues (Sections 8.3.2.2

and 8.3.2.5) relating to facility siting.
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The values set as goals for the performance parameters, if realized,
would establish a bounding basis for concluding with reasonable confidence
that travel time in each unit would exceed 1,000 yr. However, knowing these
goals were met would not be sufficient to calculate a cumulative distribution
of travel time, especially if portions of some paths include fracture flow or
if travel time, as expected, is influenced by variability of the parameters
within ranges that are only bounded by the goals. Therefore, a set of sup-
porting performance parameters based on the elements of the general flow
equations is identified in the next section, which describes Information Need
1.6.1. (Section 8.3.5,12.1). For these supporting parameters, no quantita-
tive goals are set; rather, goals are defined in terms of relative confidence
desired in the properties of the probability distributions of the parameters.
As a result, the total parameter needs for resolving this issue are separated
into two categories: those identified here (Table §.3.5.12-1) for establish-
ing bounds on the travel time for comparison to goals, and those identified
in the following section (Section 8.3.5.12.1) for developing a probabilistic
pe:fo:mance measure expressed as a cumulative distribution function of travel
time,

Interrelationships of information needs

The question raised by Issue 1.6 addresses whether the regulation for
ground-water travel time, 10 CFR 60.113(a) (2), can be satisfied at the Yucca
Mountain site. There are several distinct parts to the issue that must be
resolved to answer the question. The distinct parts, expressed as questions,
are as follows: ‘

1. What site information, design concepts, and auxiliary information
are needed to (a) identify the fastest path of likely radionuclide
travel from the disturbed zone to the accessible enviromment, and
(b) determine the pre-waste-emplacement ground-water travel time
along this path?

2. What calculational models of the hydrologic system will be used
to identify the fastest flow path(s) and predict ground-water
travel-time distributions along this path?

3. Based on the selected models, where is the fastest path(s) from
the disturbed zone to the accessible environment, and what are
the flow characterxstics along this path?

4. What is the cumulative distr;bution of pre-waste-emplacement
ground-water travel times along this path(s) based upon results
of simulations using the calculational models and any other
info:mation :esultingﬂfrom answering the preceding questions?

5. Where are the boundaries of the dlsturbed zone?

- Each of these questions has been designated as an 1n£ormatzon need.
Questions 1, 2, 3, 4, and 5 are Information Needs 1.6.1, 1.6.2, 1.6.3, 1.6.4,
and 1.6.5 (Sections 8.3.5.12.1 through 8.3.5.12.5), respectively. Informa-
tion Need 1.6.1 summarizes the mathematical basis for calculating ground-
water travel time and the associated set of site parameters needed to resolve
this issuve. Included in Information Need 1.6.1 is an indication of the

8.3.5.12-23
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confidence desired for each parameter. Note that the required parameters and
associated confidence levels apply to statistical mements of particular prop-
erties and not just to a single value for each property. Such statistical

‘information will allow better quantification of uncertainty for a given con-

ceptual model than will data limited to expressions of confidence in a
single, target value for a given property.

Information Need 1.6.2 (Section 8.3.5.12.2) describes the planning basis
for sealecting calculational models that will help identify flow paths and
analyze ground-water travel times along these paths. "Direct measurements of
ground-water traval time for demonstration of compliance with regulatory
rules are not feasible. Therefora, resolution of this issue requires calcu-
lational models that can simulate ground-water flow at the site and predict
flow paths and travel times from the disturbed zone to the accessible envi-
ronment. These models also enable sensitivity analyses to be performed; such
analyses indicate the relative importance of differant parameters to '
travel-time distributions (values, moments, and spatial location), so that
data acquisition plans can be focused in an iterative process on parameters
that allow the greatest reductions in quantifiable uncertainty about _
ground-water travel time. The calculational models will be used to identify
likely paths of radionuclide travel (Information Need 1.6.3) and to assess
pre-waste-emplacement ground-water travel time along thase paths (Information
Need 1.6.4). Thus, the models selected under Informaticn Need 1.6.2 are
based on mathematical concepts addressed in Information Need 1.6.1 that
astablish the parameters needed to predict ground-water travel time. On the
other hand, the confidence desired for each parameter is established by
interpreting analyses done to satisfy Information Needs 1.6.3 and 1.5.4.

Information Need 1.6.3 (Section 8.3.5.12.3) addresses a basis for
determining the fastest paths of likely radionuclide travel for both matrix-
and fracture-dominated modes of water movement. As site characterization
proceeds, new data will be analyzed to identify the likely flow paths.
Ultimate selection of flow processes and paths used for analysis of travel
time may be based, in part, on data or theories that are inadequate for
unambiguous estimation of a probability or likelihood of occurrence and will
require the judicial use of expert judgment and peer review.

Activities under Information Need 1.6.4 (Section 8.3.5.12.4) focus on
determining pre-waste-emplacement ground-water travel times along the fastest
path of radionuclide travel. Sensitivity and uncertainty analyses are also
performed under Information Need 1.6.4 to establish the effects of uncer-
tainty in parameter values and conceptual approaches on the ultimate confi-
dance that may be placed in the predictions of travel time. Results of these
_relicensing studies will be used to evaluate the sufficiency of the data
pase on which predicticns are made, thereby identifying the proper focus of
further site characterization to reduce most effectively the remaining
sources of uncartainty in predictions of travel time.

Information Need 1.6.5 (Section 8.3.5.12.5) establishes a planning basis
for determining the boundary of the disturbed zons. The current plans are
based in part on the general guidance given by the NRC (Gordon et al., 1986).
Thermal, mechanical, geochemical, and hydrologic analyses will be used to
define tha extent of disturbances expectaed from repository construction and
heat generated by the waste. Because Information Need 1.6.5'is fundamentally
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different from the previous information needs in this issue (in that the

information required for Information Need 1.6.5 will address the postemplace=

ment enviromment and will not be used directly to assess ground-water travel

time), it is treated separately. Information Need 1.6.5 develops its own

performance measures and goals, as well as the parameters required to assess
the extent of repository-induced disturbances.

§.3.5.12.1 Information Need 1.6.1: Site information and design concepts
needed to identify the fastest path of likely radionuclide travel and to

calculate the ground-water travel time along that path

This information need summarizes the parameter needs required for analy-
ses to be performed for assessing ground-water travel time. The information
and data required for Information Needs 1.6.2 through 1.6.4 (Sections
8.3.5.12.2 through 8.3.5.12.4) are described here. Because defining the
disturbed zone is distinct from calculating ground-water travel time, the
parameters required for the disturbed-zone definition are addressed in
Information Need 1.6.5 (Section 8.3.5.12.5). The parameter needs identified
here apply only to pre-waste-emplacement conditioms.

The specific parameters requested by Issue 1.6 are discussed later in
the logic portion of this section and will provide information in the
following four categories (Figure 8.3.5.12-8):

1. System gecmetry.

2. Material property values.

3. 1Initial and boundary conditionms.
4. Model validation. '

: Information is required from each of these categories to calculate
ground-water travel-time values in Information Need 1.6.4.

The specific parameters requested here (inner circle, Figure 8.3.5.12-8)
rarely correspond to parameters directly measured in the field or laboratory
(outer circle, Figure 8.3.5.12-8). A set of site characterization modeling
activities (middle circle, Figure 8.3.5.12-8) is required to reduce the
measured data to the parameters amenable for direct use in ground-water
travel-time calculations. The logic that establishes how the actual measure-
ments are used to produce the requested parameters is provided in Sections
£.3.1.2 (geohydrology) and 8.3.1.4 (rock characteristics).

Crucial information required by this issue are descriptions of the con-
ceptual models and associated uncertainties for the unsaturated-zone &and
saturated-zone flow systems at the site. Though no specific parameter needs
are delineated here with regard to the validation of flow models, the means
by which the flow models will be developed, as well as the plans that
described how the requested specific parameter values will be obtazined, are
described within the geohydrology program (Section 8.3.1.2) and rock
characteristics program (Section 8.3.1.4).

8.3.5.12-25
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and model validation (Information Needs 1.6.2. 1.5.3, and 1.5. 4).

8.3.5.12-2%

Schematic flow of site information on system geometry, material properties, initial and
boundary conditions. and model validation through data reduction moddmg (Programs 8.3.1.2 and 8.3.1.4) to
definition of performance assessment parameters (Table 8.3 5.12-2) for use in ground-water travel time calculations
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Detailed plans for the validation of the conceptual and mathematical
models that describe the unsaturated-zone flow systems at Yucca Mountain are
currently under development. The general approach to validation of these
models and the other models to be used for performance assessment is pre=-
sented in Section 8.3.5.20.2 (plans for verification and validation).
Section 8.3.5.12.2.2 (verification and validation) briefly describes the
current status of the validation process to be used for the conceptual and
mathematical models to be used in the resolution of this issue (1.6) and
Issue 1.1 (total system performance).

Technical basis for addressing the information need

Link to the technical data chapters and applicable support documents

Chapter 3 summarizes the current understanding of conceptual models of
ground-water flow addressed by the general equations of flow discussed here.
Chapters 1 and 2 provide the current data on the geologic and rock character-
istics represented by parameters in the equations. Data on the thicknesses
and extents of stratigraphic units also are contained in Chapters 1 and 2.
Structural information about fracture and fault characteristics is provided
in Chapter 1. Data on porosity are in Chapters 2 and 3, and data on permea-
bility, saturation, pressure, and water table elevations are in Chapter 3.

Parameters

The parameter needs established for this information need are identified
in Table 8.3.5.12-3. 1In general these parameters will be obtained from
activities discussed in Section 8.3.1.2.

Logic

Parameter requirements cannot be made without using some conceptual
model(s) as the basis. The phenomena relevant to predicting ground-water
travel times at the site have been indicated in the issue resolution strategy
of this issue and are more fully described in Section 3.9. The general con-
cept for flow in the saturated zone postulates Darcian flow in 2 saturated,
equivalent porous medium. The concept for flow in the unsaturated zone pos-
tulates near steady-state Darcian flow, with the possibility of flow in both
the matrix and fractures. The mathematical equations that are formulated to
describe the conceptual flow models are used to determine what parameter
information is required. A significant aspect of site characterization is
testing the validity of these models. The models will be periodically
reevaluated and modified, if necessary, in light of the results of this
testing. !

* Ground-water models generally are based on one or more governing

equations. These equations generally are based on mathematical statements
for the conservation of mass and momentum. '

8.3.5.12-27
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Table 8.3.5.12-3. 8uppottlng‘pert'omance parameters used by Issue 1.6 (ground-water travel time)®

(page 1 of 6)
SCP Bectlion
Ststisticel wheote Cutteat . :
Pesfomance Material Spatiad ebsvted i Needed - astinate is Cutseat
patamstos type location  Stratigeaphic walt desited® - conlideace® discessed contidence?
MODEL TXPE: CALCULATION OF GROUND-WATER TAAVEL TLMX I¥ THE GNSATURATED 208K
Initel and Souadeqy Coaditjony
Tlaa, petcolation zate Cauit senss  B-azes UL, T3wl, sepository level Mean Nedium uad 7Y
Tault sones ~ase8 GZ, T5w2, sepositosy level $Cos Low [7) ua
Fault sones  R-azes G2, 2Sud, sepcsitosy level Shav . bow [y Low
Feactuzes Reszed U, T3sd, sepositozry level Nean Medium 3.9.3 BA -
Tsactuses h-siea BS, TSuld, sepository level sCo¢ Low (1Y ‘ “A
taectuzes h-ases B3, TSwld, sepository level Shev Low (7Y Medawm
hock asteia h-siea U, TSul, sepository level Hosa Nagh 3.9.3 (7Y
Rock matris  B-ases G5, TSed, zepository level $Co¢ Medium (7Y [Ty
Rock matels R-ases 6%, T3u2, zepositozy level Sbev Hediun [ [ 1Y
Molstuce coateat " fault somes  B-ares UL, sach hydio uaitl below cepository Hean Medium A (7Y
(volumeteic) Tault sones h-astea . U3, each hydio usit below gepository SCoz Low " -
Voult 20083  Be-sten UZ, each hydro unit below xepositoty SDev Low [ 7
Taactuses a~azes UZ, sach hydso uait below repository Wedn Medaum [T M
Fractuzes R-sses 83, each hydio ualt below repository SCox Low [T (7Y
Taactuies [ 1] 03, sach bydso wait below zepository Shev Low [7Y A
Rack mateis h-ates G2, sach hydio unit below tepositoty Meon Naigh 3.9.2.1 Low
Bock matiis R~as0p 62, sach bhydzo uait below sepositosy sCot Magh (7Y [T
Bock matsis  B-azes UL, each hydso uait below sepositosy Shev Nigh A A
Psessuse bead (matrig Vawlt sones  B-szes U, eich hydso uait below tepository heon Hedium (7Y NA
poteatial) Pault soass  Beases UL, each hydro unit below sepository SCos Low (7Y i
Tault soaes =atea US, each hydso uait below zepoaitury SDev Low [T (7Y
Teactuses B-ases O3, sach hyduo unit below sepositocy Nean Medium (7Y A
Tractuses h-ased 03, each hydse unit below gepositosy 3Cor Low A [ 7Y
Tzactuzes A~szes 63, sach hydio unit below sepesitory Sbev Low . (1Y [ 7Y
Rock matrin A-asea 01, sach bydto uait below zepoaitocy Mean Madim 3.9.3.2 Low
hock matxis heates 63, each hydio uait below tepository $Coz Low [ Y LA
Bock matzin  R-sied. . U3, each bydeo unit below tepository Shev Medive (1Y Y
Saturstion . Tault sonse B-ases. . UL, sach hydte wnit below sepositecy Nesn Medlum [ A
Tault sones h-azes 8, sach hydso uait below sepaository $Cot Low A WA
| Pault somss R-szes U3, each bydso unit below xepasitosy SDev Low (1Y [ Y
Tsactuses R-azea 93, sach hydso unit below zepository Nasn Madium u | 7Y
- Fsectures h-azes B, each hydso uait below gepositesy . SCog " o ¥A [ 1Y
Feactuses . h-ssen 03, sach hydto ualt below sepository Shev Low [ [ ' .
hock mateis R-ases UL, each hydio uait below zepositosy oo nigh 3.9.21 Low
Rock matein R=szed U, sach hydzo unit below zepositocy sCot Madium [ 7Y [T
Sock mateia R-asea 82, each hydse uait below tepository Shev Medivm A (7Y
Tuspetatuce, in ity  Bock mase R-aisa UL, below sepositocy NHeda Medlum ’ 1.6.2.2.¢ Hedive

h
'
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Table 8.3.5.12-3, Suppoztiﬁg performance parameters used by Issue 1.6 (ground-water travel time)*

(page 2 of 6)
SCP Section
' ' Statistical where cuttemt
Perforasnce nacerie} Spstial ' measeres Headed estinate in Curecont
poreneter type Jocation Stratagesphic uait desirec® contidence® discussed confs
ptegiel Preperties

Bensity, bulk Paslt sones  Reares  UR, esch hydro wait below repository Moan Medium [ A
_Fault somes R=pred U3, each hydro wnit below gepository Shev [ ; [ 1) "m

Rock mateis  R-area U2, sich hydre wait below repository Mean Medini. 2.4.2, 1.6.2 fedium
fReck matrin [ 1] 93, esch hydro wait below repositery SCox Nediun [ [ 1Y
fock metris Regres 92, asch hydro wnit Delow cepository Sbev Medrun [ NA
Motetere setention Paelit senes Resred U3, each hydro wait Delew repository [ 1] Low [ 1Y [ 1Y
cerve Taulit poaes R-grea UL, each hydre wnit Delow repositery SPev Low Y L L)
Pactutes Begren U3, esch hydro wait below repositocy Mean tow (1Y 1Y
Practures R=ages 03, each hydre wnit Delow repositoty SCor Low [ LY "
Frecteres f-avea U, esch hydro wnit below repository Shev Low " L)
Rock Bane Reares U3, soch hydro unit below tepository Meon Medrwm L) L)
Rock mese fR-sres O, esch hydye wait below repositery SCor Low A L L)
Rock mess - Meares  UR, esch hydro wait Delow repository - Sbev Medrum " L)
Rock mstrin f-atea - UL, eich hydro enit below repository Mesn Medsm . 3,921 Low
Sock mateis  Reates U2, each hydro mnit below repository SCor Low " "
Bock metyis _ Redres U2, e2ch hydro wait below repositery Shev Medrun " "
Permsadility, cele~ Pasit sones f-srea 02, each hydro wnit below repoditery man Low [ 1) ”
tive Pault somesp Reares U2, sach hydeo unit below repository Soey Low "A (L)
Fractures f-agen 02, ssch hydre mnit below repositery Hesn Low " [0
Practuzes R=aven U2, each hydro unit below pepository . 8Cetr Low (2 Y ”
fractutres fearen 02, esch hydro wnit below repository Shev - Low [ 2]
fock mae R-srea U2, esch hydro eait below repository Mosn Medium "M "
. . hock mees fRedten 02, esch hydro wnit Delow repositery SCox Low (1Y "’
Rock mass Rearea U2, each hydro wnit below yvepoeitory - SDew Low [} "
Roek matris _ Mesrea - UF, each hydro wnit below repository een Medium [ 1Y "
Roch metrin  R-acea 02, ssch hydeo enit below repository SCot Low " [
Rock matein Resten 02, esch hydro wnit belew repository %ev Low ) L}
formeability, rele= . Foult somes  Rearea  UZ, esch hydrologic eait Mesn Medion [ Y
tive pasustic Peoctures h-aree 93, esch hydrologic wnit ., Medaum - ”m [
Feectures f-aces U2, sech Dydrologic weit . Sbew Low " [
Rock mstrin f=ares Uz, esch hydrologic wnit Moan Medivwm [ 1Y Y
Rock metrin f-area UL, eich hydrologic mnit Shev Low L) m
Pormsabilicy, Pavit somes Repren 03, each hydro wait Delow grepository Meen Medimm " [
. ssturated Pauit sonee R-ares 02, each hydse wnit below gepository Sdev Low () L)
Feoctutee fe-ased U2, each hydre wait Delow gepositary mon Medrum [ L) [}
Peactures f-srea U3, each hydre wait balow gepositery sCet Low () [
Trecteses fResree U3, 6sch hydro wait balow repesitery S0 Medimm [ [}

I a3y ‘T100-5D/IK

T a3y ‘TT00-HO/JNK
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Table 8.3.5.12-3. Supportihg performance parameters used by Issue 1.6 (ground-water travel time)a

(page 4 of 6)

SCP Section
! statinticel where cetreat
Pesforaance Matecinl Spatiad ' nescuTee Heeded estimete is Curcemt
patamete s type locotion Strataigraphic wait desigec® contidence® dipcuesed confidence?
MODEL TYPE: CALCULATION orrcm-una TRAVEL TIME IN THT SATURAYED RONT
Inital and Bous dary Conditions o
Plus, flow gate "Rock many Costea 8%, wpper 100 m Mean Mediun . 3.9.4 Low
Pressure hesd "Ground water C-srés 52, wper 100 nesn Hediwn 3.6.) Low
fenction of depth , ] .
Tospecatute, In sita  ‘Rock mass C-area ST, wpper 190 m . ' oan Medim 1.6.2 Medium
m.ilq Propestiee '
Deasity, bulk Pault zones Cearen 2, eoch Jithe wait in wpper 1080 Moan Low " A
Tault somes C-ares 33, soch Litho wait in wpper 100 & Sdev Low () "
Pock metgia  Ceseen ST, esch Litho wait in wpper 100 m . Moan e 2.0.:.’ Medium
: 1.6.
fock mateis C-aren 83, esch Litho wnit in wpper 100 SCot Medium 1} 1Y
Roch mateia C-sree 83, osch Litho unit in wopee 100 o . SDevw Medium [ ) [
Porweabilaty, - g Fault zones C-aten 52, esch mu'nh in vpper 100 m " mean Mediwm " "
satueated Fauit pomes C-aten 2, esch Litho unit in uwpper 100 m Shev Low [ L] n
) . Teactuzes Cesten 82, ssch lithe wnit in uppes 100 m (_T1Y Madium l.:.;. Low
‘ ' . . .9.2.2
Fracturee C-area 83, esch Lithe wnit in.wpper 100 m SCor Low ”m "
fesctured Cesten 32, eoch Lithe wnit (n wpper 100 n Shee Medium L) "
Roch mete C-area 81, each Lithe unit in wpper 100 a Nean i 3.6.4, Low
3.9.2.2
Roch maee Cessea 32, each 3itho wait §in wpper 100 SCor Low [ "
Rock maes Ceagea 3%, sech Litho wait in wppee 100 & S0ev Medium " [ L
Rock matein C-agea 82, sach Litho wait in wpper 100 Moo Madiwm ).6.4,
3.9.2.2 Medrum
Rock metcin C-aces ST, oach 1itho wnit in wpper 100 m Oov Low " "
Pososity, sffeclave. fauit sones C-acen 88, esch Lithe wait in wpper 100 & MNosn Modium [ "
fouit somes C-agen 32, esech Llitho wnit in wpper 100 m e Low [ [ L)
Teactures Cesrea 3%, each Litho wnit in wpper 100 & s Medimm 3.6.0 Low
Fractures C-srea 8%, eech Lithe wnit In wppeg 100 m SCoc Low [ m
Fractuces C-sten S8, esch litho wnit in wppec 100 @ . . Sbew Medium L) "
Rock mase C-atea 8%, coch 1itho wait in wppes 100 m Neen Medimm 3.9.2.2, Low
- . 3.6.4
ROCR Mmoo C-area ST, osch Litho wnit in wpper 100 & SCot Low - " "
fock mese C~oten 82, esch litho unit in wppee 100 S0evw mdsn L L) [/}
Rock mstzis C-oten 82, esch Litho wnit in wpper 1080 m Moon Low ).:.;,z Low
. . .9.2.2
fock magcin C-scen 88, esch Lithe unit In uppes 100 m SDew Low [ "

T "a?3y ‘TT00-HS/dHX

*a3y ‘TT100-WO/dRX
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Table 8.3.5.12-3.

SuppOtﬁing performance parameters use

d by Issue 1.6 (ground-water travel time)®

(page 5 of 6) -
SCP Section
B statistical whele cutteat
Pecfotadace Matesial spatial . pessuies Meeded sstimste Lo Cuzseat
posanates type - lacatien Scratigraphic wait desised® conlidence® discusssd confideace®
fgien Geometsy
Mguiter gecmetsy Sock mass C-ssea B3, upper 108 Hean Nedium 3.:.;.’3.6.2. Low
Coatact sititude, 80ck Masd C-asea - 853, sach Jitho walt in uppes We Moo Hediuw 3.6.1, 3.6.2, Low
Lithologic wmaite ' 3.9
Foult dlsplacemsat Fault sosss  C-ases 81, vppes 100 & Mean Hadium LTY 7Y
Pault locations Sanlt zoRes Crazes 83, uppet 180 Hoan Mediwe N [T
valigstion of Mode) Concepts '
Betes table ditituds  Grouad wetes Cossea 83, waie: table level Nesh Nigh 3.9.0.2 Mediun
Giound water C-asea 83, vasier tadble lavel Soev Low [ 1Y [
MODEL TYES: CALCULATION OF SPATIAL COARKLATION STMCTURE ‘
sl P L o
soroalty, total Fsalt tones Cestes 5%, each 1itho ualt ia upper 100 m Nesa Mediue [ (7Y
- Tault sones  C-aies 32, each Mitho sait ie uppet 10s Shev Low [Ty (7Y
Fauit sonss  B-aies 0%, sach hydzo uait below cepositesy [ 7YY MNedivm (1Y [ 7Y
- Pault sones  Beates UL, each hydso walt below sepositosy $Coe Low ua L7
Toult sones f-ases  UF, sach hydio uait balow sapository $Dev Medium (1Y (Y
Feactuzes " geased” 5%, each 1itho uait in upper 100 ® Mesn Medlum 'Y (1Y
Tractuses Coated 3%, sach 1itho ualt i uppe? 180 @ sCos Low " -
Fsactutes [ TTT ] 33, each 3itho uall in uppetr 100 ® $Dev - Madiwm 7 [
Isactuzes B-ates UL, each hydto uait below tepositocy Mean Wdiw uA [
Teactuses S-ateb O, sach hydio uait below zepository $Cot Low (7Y A
Tsactuses B-aied UL, each hydso uait below repositery Soev Hedium [} (7Y
Soch mass C-sses 33, sach Jitho uait ia upper 100 m Mesn Nedive 3.9.2.2 Low
- BOCh B8P - C-sses 55, sach 1itho uait i uppec V00 » sCos Low 1) (1Y
Sock msss C-aten 83, oach Bitho uail in upper jU N ] SDev tadium = 3 [T%
Bock metgis  C-azes 8%, each Jitho uait in uppes 10w tHoan _Nedium 2.4.2, 2.9 tediun
Bock matzls  C-asea 83, each 1itho uait in uppes 0= sCos edive (1 )
Rock mateix C-ased $3, each Jitho uait in uppes 100w 30ev Nedium ).;.2. 2.4.2, Nedium
N )
Rock matTis - B=ates 03, sach hydro uait below tepositoty Nean Nigh wh "
Bock metsls  Beazes UL, each hydso uait below tepository $Coz Nigh (7Y A
MODEL TYPE: CALCULAYEOM OF FRACTUAE BIDAOLOGIC CRARACTEAISTICS
raterial g
Tractuse apastule gaull scmes C-ases 31, esch 1itho uait ia uppes 100 & Mean Wedium [ 7Y »a
Taull sones C-ssea 85, sach litho ualt ia uppez 100 = SDev Low [ 7 (1Y

C
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Table 8.3.5.12-3. Supporting performance parameters used by Issue 1.6 (ground-water travel'time)'
(page 6 of 6)

SCP Section
statistical whete guzzont
festormance netecial Spat ial measuges Needed astimate i Cutyemt
patanet et type location Steatigraphic wait desized® contidence® daiscussed contidence?

Tault senes R-avea U2, s3ch hydro wait below repository Mean Low " L)
fault tomes R-ave0 U2, sach hydro wnit below repository SDev Low [ 1) "
Feactures C-sted 82, each 1itho wait in wpper 100 @ nean Mediwm [ L) [
Caactuter Cepren 82, each Lithe wait in upper 100 m Sbev Low 1Y L)
Fractures R-avea U, sach Mydre wnit balow gepomitery [ 1] Medswm [ LY [
Faactuten R-sges U2, each hydre wnit below sepository SCox Low L) )
Feacturee R-svea U2, eech hydeo wnit balov repotitory SDevw Low () "

Peactuze frequency rault somes  C-aren 82, each litho wnit in upper 100 m Meoan tow L) )
Fauly cones Ceatren 83, each litho wnit in wpper 100 m Shev Low [ 1] [ 1Y
Fauly pomes R=prea 02, esch hydte wait below gepository Nesn Low " [ Y
fault tones  R-ates UL, each hydre wnit below tepository Shev Low " "
Tractures . Cesrot 82, esch 1itho wnit in wpper 100 Mesa Medium " LN
Crectures - Censed 32, each lithe wnit n wpper 100 m SCox Low 1) -
Feectures Caoten 3%, esch Jithe wnit in wper 160 @ Shee tow. " "
Feactuges R-seea U1, esch hydre wnit below repository - Hean Medrom 3.9.2.1 Low
Froctuted - R=sten 02, esch hydre wnit below repository SCox Low " )
feactures Reates U3, esch hydre unit balow repository Sbee Low L .

Peoctuce length fauit sonee C-aree 83, each litho wait in wpper 100 & Nean Low ] [
favit sonee - R-aree 0%, ssch hydro wnit balow repositocy Hoan Low [ ()
Toult soned  M-ages = U2, eech hydro wait below repository Sbev Low [ ) L)
Tractures C-asen 82, sach 1itho wait in wppet 100 @ Mean Low [ nA
feactures R-area 92, each hy wnit bel pository [ 1] Low [ ) [
Feactusos R-prea 02, ssch hydeo wait below gepositery SCor Low mn "
fasctures R-ages U1, each hydro wait delow repository SDev Low [} )

Systen Geometsy

Peacture otientation Fauit zones  C-ared 83, each Jitho wait in wpper 100 m Mean Low "m o [
fault senee f-sree 02, sach hydro wnit below gepositery [ Low " "
Foslt sones  Repres 03, eech 70 wnit below repository SDev Low [ L) "
feactures C-area 8%, each Litho wnit in uppes 180 m Mean Low ) (Y
Feactures R=-pees 02, sach hydro wait Delow seposvitory Mesn Low [ na
fractuses R-aeea 82, esch hydco wait below gespository SCev Low [ ;) [ L)
Fesctures R-sces soch Rydeo wnit below repository SBev Low L) L

833 = saturated gone; BT o unsaturated sone; GMTT = grownd-watar

hydro = hydeol g9ical.

®rean = szatially dupendent mesn velve: 3Dev = spatially dependent standacd devistion;
“Bigh = N1 jh confideace, Dighest priotity; Medium » medium coafidence, medivm peiocity; Low = low cosfadence, low priogity.

¥ = Aot svailadble,

travel time: Ceages = controlled area; R-area » repositery ares; lithe = lithologicsl;

SCot = spatial cocrelation coefficient.
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The governing equation of three-dimensional flow in saturated porous
media is generally expressed as follows: _ .

8A = .
S.F‘--VO(I\V'I)-I-Q:o | (8.3.5.12-1)

where
S, = specific storage
A = piazometric head
X = hyd.r;aulic- conductivity

Q@ = volumetric discharge

t = time
R d o 2
.v = differential operator(a—..x. a—z)

For steady or nearly steady flow, the storage'tem can be neglected.

Flow in unsaturated porous media is generally expressed by variants of
Richards’ equation. The model for liquid water flow in unsaturated fractured —
porous media, as described in Section 3.9, can be formulated by an equation
derived from a version of Richards’ equation written for both the matrix and .
fracture systems and by assuming that, in a near-equilibrium condition, the \_)
pressura head in the fractures and the matrix is locally in equilibrium.
This can ba written in the form : :

V-[(T'.(vh7:(0))V(v+z)l=f(%§)+Q B (8.3.5.12-2)

. wherae

Kalv) = the relative hydraulic conductivity for the unsaturated mattix
systen S :

?,(J) the relative hyd:auli: conductivity for the unsaturated fracturs
‘ - systenm ‘ | , :
p = p:essue head

Q

alavation head

sink/sourca ; term

8.3.5.12-34
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and F involves the specific moisture capacity of matrix and fractures and
the compressibility of water, the bulk rock, and the fracture system
(Klavetter and Peters, 1986).

: ane'thé pressure head distribution is established, seepége velocities
{r) .can be determined by '

,',=-("u‘_:"))(':—';) .  e.3.5.1249)

and ground-ﬁater travel time (GNTT) by |

cwrr-_-.? | , (8.3.5.12-4)

where & is total head detineﬁ byiah elevation head component, z, and a
pressure head component, ¥, ! is length along the head gradient, D is the
flowpath length, and wm¢ is effective porosity. -

K or Kiv), hydraulic conductivity is an empirical parameter that depends

on properties of both the moving fluid and transmitting medium (i.e., on both
vater and rock properties). K may be more fundamentally expressed as

k=2 | ' (8.3.5.12-5)

wvhere &, pe:meabiiity, is @ property of the rock (and moisture content in

- unsaturated material); g is the acceleration due to gravity; and 4,

viscosity, and p, density, are properties of the fluid that depend on
temperature and on chemical species present. Assuming little effect of
chemistzry on » and #, in situ temperatures and intrinsic permeability are the

parameters needed to derive X. In unsaturated materials, the value of K(v)

depends on moisture content and may differ (for transient behavior) depending
on whether the material is becoming wetter (¢ increasing) or drier (v de-
creasing). This moisture dependency will be accounted for in modeling of the
unsaturated zone (8.3.1.2.2). - ' -

Effectivé porosity is used here as a measure of the volume of space
through which flow occurs. 1In the unsaturated zone, this property-is taken
to be the in situ moisture content less the residual moisture content. As
understanding of unsaturated flow evolves, this definition may need to be

modified to account for porous channeling or other phencmena.

Equations 8.3.5.12-1 through 8.3.5.12-5 are judged, based on the current
understanding of the conceptual models of flow at the site (as described in
Chapter 3), to be a suitable basis for generally describing the flow
phenomena present in the saturated and unsaturated zones. . These egquations
define the basic set of material-property parameters that must be available
to calculate ground-water travel time and therefore resolvethis issue.
Additional information required to solve Equations 8.3.5.12-1 through
8.3.5.12-5 include the description of the system geometry (for both the
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saturated and unsaturated zones within the controlled area) and initial and

boundary conditions for ths models. 1

Parameters requested in Table 8.3.5.12-: are divided into the four
categories previously discussed: (1) system geometry, (2) material property
values, (3) initial and boundary conditions, and (4) model validation. As
dascribed earlier, information is required from the first three categories to
provide specific input for the solution of the general equations for ground-
water travel time. To determine if those mathematical equations provide an
adequate formulation for the calculation of ground-water travel time,
information relevant to the fourth category, model validation, is also
required. - _ g

Undar each of the four categories in Table 8.3.5.12-3, specific param-
eters are requested for several distinct types of models. The parameters may
be used primarily in direct calculations of the ground-water travel times in
the unsaturated zone or the saturated zone; they may be used primarily in
modals to derive hydrologic propertias of fractures, or they may be used
primazily in models to define the basic spatial correlation structure of the
rock mass. Table 8.3.5.12-3 is subdivided to show which parameters are used
in each of these broad types of models.

The second-column in the table, material type, indicates whether infor-
mation on tha requested parameter is required about their distributions in
the rock matrix, in distributed fracturs networks, as characteristics of a
sufficiently large volume of rock (rock mass), or in fault zones. The third

~ column, spatial location, indicates whether information is needed for the

requested parameter in the repository area or the entire controlled area.

The fourth column in the table, stratigraphic unit, indicates where in the
vartical dimension that information is needed. In the unsaturated zone,
because this issus i3 concerned primarily with downward water movement, most
of the informaticn is requested only for those units at the repository level
or below. Howevar, it is recognized that similar information may be required
for units above the repository level (Iavastigation 8.3.1.2.2) in order to

 infer scms of the parameters requested in Table 8.3.5.12-3, such as perco-

lation flux.

The fifth and sixth columns indicate, zespectively, the statistical
measures desired and confidence leval set for each requested parameter. The
measure desired is either one of tha first two statistical moments (mean and
standard deviation) for the parameter or the spatial correlation coefficient.
Tha confidence level (low, medium, or high) indicates the relative confidence
required in the parameter of interast, with a confidence level of high also
indicating that the parameter value is of high priority, medium indicating a

- medium priority item, and low indicating a low priority itea. Thase confi-

dence levels are based on professional judgments about the relative impor-
tance of the various parameters and are not meant to imply any quantitative
definition. The confidence levels indicate the desired confidence for the
location-dependent mean, standard deviation, and spatial correlation. For
example, if the "trua” standard deviation is large and the desired confidence
in the standard deviation is high, sufficient samples must be measured to
show high confidence that the standard deviation of the sample pgopulation is
a good approximation of the "real® variance of the parameter of interest.
Also, the location-dependent requirements indicate a desize to define any
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spatial drift in population statistics for each parameter and implies an
analysis and removal of drift during data reduction.

Generally, for the unsaturated zone, higher confidence is requested for
matrix properties than for properties of fractures, faults, or the rock mass.
This reflects current judgments that matrix flow dominates in the unsaturated
zone. .The relative confidence levels are also based, in part, on the
estimated feasibility of obtaining reliable information for each of the
parameters. ‘ .

The seventh. and eighth columns in Table 8.3.5.12-3 identify the section
in the SCP where current values for each of the identified parameters are
discussed and the current confidence that the Yucca Mountain Project has for
each parameter. '

Table 8.3.5.12-3 lists those site parameters considered necessary to
support .resolution of this issue. In general, values for parameters listed
in the table under the categories of material properties and initial and
boundary conditions will provide the direct input necessary to calculate
ground-water travel times from the mathematical formulations represented by
Equations 8.3.5.12-1 through 8.3.5.12-5. However, some parameters in those
equations are not requested by Table 8.3.5.12-3. For example, the viscosity
and density of water and the value of the acceleration due to gravity were
not requested because they can be readily obtained from scientific handbooks.
The specific storage parameter in the first term on the left-hand side of
Equation 8.3.5.12-1, which represents responses to transient, stressed
conditions, is not requested because pre-waste-emplacement travel times will
be calculated under steady or near steady conditions. Also, the parameter
in Equation 8.3.5.12-2, representing the specific moisture capacity of the
rock and compressibilities of fluid and rock, is not requested because it can
be derived from values from a combination of the requested moisture retention
curves and from values from literature sources.

The parameters in Table 8.3.5.12-3 related to fracture gecmetry in the
unsaturated zone will be required if evaluation of flow in fractures is
required. Values of these parameters for unsaturated units will be used to
‘nfer the hydrologic properties of fractures including relative permeability
and associated effective porosity, perhaps in the manner of Wang and
Narasimhan (198€), only if fracture flow below the disturbed zone is
sufficiently widespread or probable to warrant analysis. Similarly, bulk
density is listed as a contingency for preserving the option to consider
diffusion of nonsorbing tracers in the event of significant fracture flow.
The term involving diffusion of tracer particles between the matrix and the
fractures is not shown in Equations 8.3.5.12-1 and £.3.5.12-2 because these
equations are ground-water flow rather than transport equations. If
diffusion is to be considered then the transport equations developed in Issue
1.1 would apply (Section 8.3.5.13).

For both the unsaturated and saturated zones, the confidence levels set
for individual parameters reflect current judgments of their relative impor- .
tance to ground-water travel time. If the mean values currently available
(Chapters 1 through 3) for the parameters listed in Table 6.3.5.12-3 are good
estimates of the true values, then those values are probably adequate to show
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compliance with the performance goals set for this issue. In no instance is
the current level of confidence high for any of the parameters listed.

"The actual parameters requested are the first two statistical moments
(mean and standard deviation) and the spatial correlation cocaefficients of
each of the properties for each of tha hydrogeologic units. Thus, the
confidence levels assume nonstationarity and apply to confidence that the
three-dimensional location-dependent mean, standard daviation, and spatial -
correlation within each unit are known to the indicated level of confidence.
Generally, more samples are required to obtain higher confidence levels for,
respectively, means, standard deviations, and spatial correlations of
individual properties. This is particularly true for geologic materials
where properties are commonly treated as regionalized variables (Matheron,
1971) . Drift or trend surface analysis techniques will be applied to allow
the assessment of spatial change in the statistical moments. This strategy
of assigning confidence goals to statistical parameters of distinct propez-
ties varies scmewhat from the general approach for issue resolution discussed
in Section 8.2.2 wharein target goals are requested for the value of a prop-
erty with specified confidence or within specified intezvals. Given the
nonunique combination of property values that will satisfy the performance
goal and the potentially large contribution of spatial and statistical
variability of properties to uncertainty in travel-time predictions (Codell,
1986; Sinnock et al., 1986), definition of the statistical charactaristics
of property distribution will more effectively and efficiently reduce
uncertainties, at least for this issue, than specification of target values
for the properties, Because spatial variability is a major source of
uncertainty in predictions of ground-water travel time, it is prudent to
characterize the spatially dependent statistical structure of the variables.

A large number of samples may need to be tested to obtain high confi-
dence in some parameters over the entire repository site, particularly the
spatial correlation. This is because the porous tuff formations ars probably
heterogeneous, with hydrogeologic properties varying in an irregular manner
in space both horizentally and vertically. The heterogeneity can be charac-
terized by the autocorrelation of the properties of interest as a function of
spatial separation and by analysis in nonstationary populations. The auto-
=orrelation superposed on the drift is referred to in the remainder of this
section as spatial correlation. Different scales (sample separation dif-.
ferences) should ba sampled reliably to assess the vertical and horizontal
spatial structura of parameter statistics within each hydrogeologic unit.
The scale over which a measurement averages flow parameters should be evalu-
ated to estimate the proper hydraulic properties of the medium to use in -
modeling exercises. The laboratory and even field scales of property meas-
urements are usually relatively small compazed with the rock mass represented
in numerical simulations. Modeling-scale properties of the fractured porous
rock mass need to be developed, accounting for the uncertainty in both the
fracture and matrix variability, by calibrating the modeling'data with the’
actual measurements obtained from cores, in situ tests, and subsurface
observations in the exploratory shaft. The effect of different scales on
hydrologic property values will be investigated in Sactions 8.3.1.2.2 and
8.3.1.4.3. Definition of tha scale-dependency and spatial variability may
require systematic, relatively dense sampling of the properties of interast
(or their correlated surrogates). h . ‘
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To indicate the level of detail at which the information is required for
resolution of this issue, a desired level of confidence, for example high,
medium, or low, is indicated in Table 8.3.5.12-3. Because of the paucity of
current information on hydrologic properties and characteristics, the
requested levels of confidence are only qualitative. These qualitative
levels relate to the width of the confidence interval for means and vari-
ances, with high indicating that the desired confidence interval for the
value is smaller than the interval for a medium level of confidence. For
spatial correlation, increasing confidence is taken to mean extending the
spatial correlation coefficient (variogram) over & greater distance range, at
a given level of confidence. Quantitative levels may be set as the hydro-
logic models are more completely defined and knowledge is improved about the
effects of parameter distributions, interrelationships, and characteristics
on uncertainty in ground-water travel time.

Confidence in means, standard deviations, and spatial correlations for
less densely sampled parameters can be enhanced by defining the covariance
coefficients between them and densely sampled parameters, within and between
individual hydrogeologic units, and using the spatial distribution of the
more densely sampled parameter to constrain the distribution of the other.

To be most effective, this approach should rely on measurements of correlated
parameters on a single physical sample.  Therefore, design of a sampling and
testing program should, to the extent practical, sequence measurements of
different parameters on single samples. ' : -

Although little specific information is called out within Table
8.3.5.12-3 to define the conceptual hydrologic models, it is evident that
definition of alternative conceptual hydrologic models and assessment of
their relative likelihood for the unsaturated and saturated zones is an
important requirement for evaluating ground-water travel times. Chapter 3
more explicitly addresses some of the sources of uncertainty about unsatu-
rated-zone conceptual models, and these uncertainties are shared by this
issue, including questions about coupling processes between matrix and frac-
ture flow and about scaling laboratory and field measurements to a suffi-
ciently large volume of rock for numerical modeling.

Eydrologic concepts and data needed to calculate ground-water travel
times are provided by the site characterization programs 8.3.1.2 and 8.3.1.4.
Calculation of the ground-water travel-time distribution will probably be
made with versions of different calculational models. Calculational models
are subject to refinement as conceptual understanding of flow in unsaturated
and saturated, fractured porous tuff increases and as additional data are
acquired from site characterization.- The hydrologic parameters and confi-
dence levels listed in this information need will probably be revised as the
current versions of calculational models are refined. '

No specific activities are defined for this information need. However,
as more information about site data and geostatistical modeling becomes
available, the data needs defined in this section will be continually
reevaluated (Section 8.3.5.12.4.1.1).
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8.3.5.12.2 Information Need 1.6.2: Calculational models to predict
ground-water travel times between the disturbed zone and the

accessible environment

Issue 1.6 addresses the performance objective that pre-waste-emplacement
ground-water travel time along the fastest path of likely radionuclide travel
from the disturbed zone to the accessible enviromnment shall be at least 1,000
yr. Direct measurements of ground-water travel time are not feasible because
the time and distance scales are too great for direct observation. Resolu-
tion of the issue will be demonstrated primarily by using numerical modals to
make quantztatzve estimates of the distribution of ground-water travel tims
and by comparing these estimates to the performance goals. Models that de=-
scribe the appropriate physical processes are needed for estimating the
ground-water travel times. Several types of calculational models are re-
quired to provide tools for determining the pre-waste-emplacement ground-
water travel time. ,

Technical basis for addressing the information need
Link to the technical data chapters and applicable support documents -

Currently available calculational models for ground-watar traval time
are alluded to in Section 3.9, and mors compreahensively listed in Section
8.3.5.19. The conceptual basis for the current models and thoss that may be
developed in the future is described in Section 3.9, and the basic mathe-
matical formulations of current models is given in Information Need 1.6.1,
Section 8.3.5.12.1,

Parameters

The following information must be,availahie to saelact a set of calcu-
lational models for establishing ground-water travel tima:

1. site paramsters descrxbed in Information Need 1.6.1 (Sect;on
8.3.5.12.1) and listed in Table 8.3.5.12-3.

2. Conceptual models of water flow through the unsaturated and the
saturated zones at the Yucca Mountain site. The conceptual
models should consist of a description of the physical processas,
including a definition of the limits of the processes, a listing
of parameters believed to be relevant to the process, and a
statement of the paramsters that the model will predict.

3. A three-dimensional geometric model of the site paramsters alluded
to in item 1. This geometric model should be capable of associating
single values, multiple values, or variations of values for the
hydrological and geochemical parameters with spacific three-
dimensional locations at the Yucca Mountain sita. :

Logic
The types of calculational models required depend upon the approaches

used to resolve the ground-water travel-time performance objective,
reflected in the technical basis described for resolving Information Needs
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1.6.3 and 1.6.4 (Sections 8.3.5.12.3 and 8.3.5.12.4). A sufficient under-
standing of the flow behavior at Yucca Mountain, as well as interpretations
of the available data, are needed to select an appropriate suite of models
for resolving this issue. Once the physical processes of the flow system
have been hypothesized (the issue resolution strategy, Section 8.3.5.12 and
the geohydrology testing strategy, Section £.3.1.2) and a proper set of
variables (or data) has been identified (Section 8.3.5.12.1), mathematical
and numerical models of the flow behavior can be formulated. Many alterna-
tive considerations are examined: What dimensionality and scale of modeling
should be used? Can simplifying approximations to the physical processes be
used? Should a homogeneous-parameter or heterogeneous-parameter model be
used to quantify physical properties of discrete hydrogeologic units? What
are the proper mathematical forms of the processes embodied by the models?
What are the proper geometric and mathematical forms of boundary and initial
conditions? .

Ground water at the Yucca Mountain site flows through fractured porous
tuff in both saturated and unsaturated conditions. Current conceptual models
of Yucca Mountain postulate that flow takes place in matrix pores or in -
matrix pores in combination with fractures. The matrix porosity is made up
of interconnected microscopic pores within tuff blocks bounded by fractures.
The fracture porosity is made up of joints and fault zones. Indeed, the many
fractures can be envisioned as homogeneous within the framework of continuum
models at an appropriately large scale. Faults may serve as specific dis-
continuities, boundaries, zones of high permeability, etc., but they may be
too few and too influential to justify & continuum approach. The different
types of calculational models that may be used to simulate the flow through
fractured, porous systems are discussed in the following paragraphs.

The equivalent porous medium type of model (Bear, 1972) is based on
representative elemental volume concepts and on the assumption that any flow
through fractures is Darcian. The equation of flow is described by the .
conservation of mass, including temms for advection, storage, dispersion,
diffusion, and sinks and sources. The underlying-assumption is that physical
quantities such as porosity, conductivity, and pressure can be averaged over
large blocks of rock containing a large number of fractures. There is no
well-defined method for computing the equivalent porous medium parameters
even if the fractures are completely described, although several models are
being constructed to generate unsaturated porous-media properties from
detailed structural and physical concepts. When available, these methods may
be applied to the unsaturated zone. Equivalent porous mecium models are
generally taken to be the most realistic way of calculating regional scale
and local scale (repository area) saturated ground-water flow. Thus, this
type of model will be used for saturated flow simulations used to calculate
travel times. The parameters needed for this model are hydraulic conduc-
tivity, effective porosity, specific storage, the flux and head at the model
boundary, and initial head conditions within the model area.

_The double porosity type of model (Barenblatt et al., 1960) lumps all
the matrix blocks into one continuum and all the fractures into another
continuum and develops a coupling term between the two continua. The rock
matrix continuum is commonly characterized by low permeability and high
storage, while the fractured continuum is usually characterized by high
permeability and low storage. Therefore, the rock matrix often controls the
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late time responsa of the system to pressure Or stress transients, while the
fractured continuum contzols the early time response of the system. This
system can be described by two mass conservation equations, ona for each
continuum. If flow is highly dominated by either matrix or fractures, the
need for two continua is questionable and reasonable approximations can be
obtained by a single equivalent porous medium approcach. The parameters
needed are the ‘effective porosity, hydraulic conductivity, and the pressure
for both matrixz and fractured continua; the flux of water; and a coupling
function representing the transfer of fluid between rock matrix and frac-
tures, including, as appropriate, hysteric behavior of relative hydraulic
conductivity and effacts of mineral coatings on fracture-to-matrix conducti-
vity. Physical parametars, such as porosity and permeability, associated
with the fracture continuum are obtained from fracture properties such as
aperture width, spacing, and orientation. This approach probably will not be
used in the studies currently planned because of the curreant beliefs that
flow in the unsaturated zone is predominantly constrazned to the matrix pores
and in the saturated zone to the fractures. :

A special case of thas doubls porosity model. called a composite medium
model (Klavetter and Peters, 1986), can be derived by adding the two contin-
uum equations, assuming the potential fields for the two systems (matzix and
fractures) are in equilibrium. The validity of this fundamental assumptien
will be tested by the site characterizatiocn program for geohydrology (Progran
8.3.1.2). Such superposition is practical in the reprasentative alementary
volume apprcach for saturated flow but has not been demonstrated to be appli-
cabla to unsaturated flow. As for the double porosity model, tha ccmposite
medium model is only applicable undezr the steady or nonsteady conditions -
where both matrix pores and fractures are involved in the flow. This model
will be provisicnally accepted to describe unsaturated flow under transients
that cause fracture flow. The parameters required for unsaturated conditions
are the relative permeability and saturation as a function of pressure head,
effective porosity, and initial conditions; all these parameters are required
for both the matrix and fractures (Table 8.3.5.12-3). This type of modsl
will be used primarily to invaestigate local behavior of fracturs and matrix
flow within and between units under variable flux conditions to help generatas
representative concepts, paramste:s, and flow paths tor use in sita scale
models.

Ancther appxoach to investigating the :elations between matrixz and
fracture flow involves discrete fracture models that treat fractures and .
discontinuities individually rather than as a continuum. °The drawback to a
discrete fracturs model for site scalae applications is the amount of dstail -
that is required as input for a large number of fractures and the accom-
panying difficulties in modeling the discrete fractures throughout a large .
voluma. Foxr small scales, an efficient approach can be applied by using
statistical descriptions of fracture characteristics to generate synthetic
fractures sets, then simulating the flow through the fractures and between
the matrix blocks and the fractures (Long et al., 1382; Wang and Narasimhan,
1985, 1986). Microfractures, which are too numerous to simulate discretely,
may be included within the hydraulic properties of the fracture or matrix ..
continuum, as is true for any modeling approach accounting for dual porosity
effects. This type of model will be used to augment a composite medium model
to aestablish proper generalized parameters for use in simpler site=-scals
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models. Of particular interest are the potential for channeling of fracture
flow and other complications that may result in generalizing the character-
ization of the fractures. | - '

The phenomena of flow in fractured porous tuff -are complicated, espe-
cially in the unsaturated zone. In particular, the mathematically nonlinear
description of permeability changes caused by saturation changes (flux
transients) in the differential equations of flow become very difficult to
solve, especially where material property contrasts occur between matrix
blocks and fractures or across unit contacts. If the spatial variability of
properties within units is considered, the difficulties of numerical con-
vergence are increased many fold. To attempt to overcome some of these
numerical difficulties, development of simplified models that avoid itera-
tive, convergent solutions of the mass-balance differential equations will be
pursued. Current ideas point toward direct kinematic or direct simulation
models that calculate velocity, simply, as flux divided by moisture content,
where flux is treated as an independent boundary condition. For example, the
velocity of ground water in unsaturated flow may be approximated in one-
dimensional analysis by dividing percolation flux by the moisture content in
the matrix pores. If the flux is greater than the saturated hydraulic con-
ductivity, the travel time is calculated from the velocity of flow through
fractures (Sinnock et al., 1986). This, or similar simplified models, will
be used to the extent it can be demonstrated as reliable or conservative for
site-scale calculations of travel-time distributions. Currently, it is
believed that there is a possibility of lateral diversion at some unit con-
tacts or within single units. In this case, one-dimensional vertical flow
may be an oversimplification and horizontal components might need to be
accounted for in defining a set of one-dimensional flow lines. The computing
efficiency associated with such one-dimensional kinematic models allows
available computing power to be focused on resolution of the effects of
spatial heterogeneity. ' ‘ :

‘As currently planned, a stochastic type of model that generalizes flow
processes while enhancing spatial resolution of property variations will
serve as the primary site-scale model., Using this approach, ground-water
travel time can be treated as a random variable rather than as a fixed
quantity through any given distance (Codell, 198€). One source of the
variability of ground-water travel time is caused by spatial heterogeneity of
the parameters. Irreducible uncertainty about site characteristics with
regard to spatial and temporal variabilities will always lead to uncertainty
in ground-water travel time, To account for the spatial variability and
uncertainty of parameters (e.g., hydraulic conductivity and effective
porosity for both the matrix and fractures, and for initial and boundary
conditions), many random realizations of the parameter sets will be used to
estimate a travel-time probability distribution that reflects parameter
uncertainties that are themselves expressed as probability distributions.
Such a procedure is known as & Monte Carlo simulation and will be applied to
estimate the ground-water travel-time distributions for comparison with the
travel-time goals set in Section 8.3.5.12. A preliminary application of this
approach was used to generate the cumulative distribution functions for
travel time (Sinnock et al., 1986) in Sections 3.9.4 and 8.3.5.12. R more
direct stochastic method is to treat numerically the parameters and dependent
variables of the governing equations as random processes rather than as
deterministic quantities. The partial differential or kinematic equations
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describing flow are solved in terms of means and variances of the dependent
variables. The direct stochastic method of modeling has been rapidly :
developing in recent years (Mantoglu and Gelhar, 1985; Yeh ot al., 1985). A
good estimate of input covariances of the hydrogeclogic parameters is
required for such stochastic modsling. If feasible, this direct stochastic
approach may be used to supplement or supplant reliance on Monte Carlo
simulations.

The proper application of each type of model is determined by its role
in buildirg confidence that the flow time can bs adequately simulated and
that uncertainty can be adequately accounted for. The level of complexity of
the phencmena included in the model depends on the purposas for which the
model is intended. A flow-system model will be developed to incorporate
spatial variability, temporal variability, and uncertainty. Once a modeling
concept has been developed to some level of sophistication, a period of
evolution begins, wherein the important features of the modal are ratained
and inconsequential features are eliminated. This occurs by comparing the
results of simulations using various approaches, modifying the modals to test
the assumptions, calibrating and validating the models, performing sensitiv-
ity analyses and uncertainty analyses, and incorporating new data into the
analyses. The correctness of results predicted by the model will be tested
against analytical solutions of a similar model and against laboratory and
field data. When discrepancies appear, the models may undergo modification
and further modeling tests may be pertormed until a self-consistant modsl of
the flow system is built.

In summary, tha calculat;onal models requi:ed to estimate ground-wate:
travel times from the disturbed zone to the accessible environment include
(1) local (small-scale) models for both the unsaturated zone and saturated
ground-water flow to establish the proper processes to consider in the flow
description at the site, (2) a travel-time model to detemmine ground-water
travel time based on simplifications of the flow processes established by the
local scale models, and (3) a statistical model to incorporate tha uncer=~
tainty in the input information into the travel-time model and to provide a
probabilistic estimate of ground-water travel tims. .

8.3.5.12.2.1 Activity 1.6;2.13 Modél develoﬁmént
| The objective of this actiiity>1s to develop calcﬁlétionAI modals for

predicting pre-waste-emplacement ground-watar travel time. Two subactivitias
are involved in this activity.
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8. 3 5.12.2.1.1 Subact1v1ty 1.6.2.1.1: Development of a theoretical
framework for calculational models

Objectives

The objective of this subactivity is to assess conceptual and mathemat-
ical representations of unsaturated flow phenomena in fractured porous media
and adopt 2 set or sets of equations for use in calculating ground-water
travel time.

Description

This subactivity will assess the concepts and hydrologic mechanisms
governing fluid flow in partially saturated fractured porous tuff at Yucca
Mountain. Section 8.3.1.2.2, under the geohydrology program, will describe
the unsaturated zone hydrologic system at Yucca Mountain. This activity will
work in conjunction with plans described in Section 8.3.1.2.2 to develop one
or more mathematical representations of the hydrology at the site that are
suitable for use in the calculation of ground-water travel time.

8.3.5.12.2.1.2 Subactivity 1.6.2.1.2: Development of calculational models

Objectives

The objective of this subactxv;ty is to develop computer algorithms for
calculatzonal (numerical) models to estimate ground-water travel time.

Description

This subactivity will refine existing computer algorzthms or develop new
ones that embody (1) local flow models for investigating the mechanisms of
flow in the unsaturated and saturated zones, (2) travel-time models for esti-
mating ground-water travel time, and (3) statistical models for incorporating
the uncertainty in a probabilistic manner. This subactivity will modify
present calculational models by comparing them with other models incorporat-
ing different levels of sophistication, field test results from the geohy-
drology program about the conceptual assumptions within the models, and the
results of sensitivity analyses. These calculational models will be devel-
oped in cooperation with related efforts in Section 8.3.1.2.2.

8.3.5.12.2.2 Activity 1.6.2.2: Verification and validation

The objective of this activity is code ver1£1catzon and model valida-
tion. Two subactivities &re involved ‘in this activity.
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8.3.5.12.2.2.1 Subactivity 1.6.2.2.1: Verification of codes

Objectives

This subactivity will ensurs that the compuier algorithms making up the \-4)
codes correctly perform the intended numerical operations. -

Description

The numerical accuracy of the calculational models used in analysis of
flow will be verified by tasts including comparison to analytical solutions
and benchmarking against other codes. Currently, the Yucca Mountain Project
is participating in HYDROCOIN, an international effort to verify and support
validation of computer codes to be used in assessments of environments
related to nuclear waste disposal. The Yucca Mountain Project has also
instituted a formal code verification activity, COVE, for all performance
assessment codes used by the project. For more information, refer to
Sections 8.3.5.19 and 8.3.5.20. ' )

8.3.5.12.2.2.2 Subactivity 1.6.2.2.2: Validation of models
Objectives

The objective of this subactivity is to ensure that the conceptual
models and their mathematical and numerical representations correctly account
for the physical processes ralevant to determining ground-water travel time.

Description

- The correctness of theoretical and mathematical models in the simulation
of flow phencmena relevant for assessing travel time will be addressed by :
modsl validation. The validation tests will involve, to the extent possiblas,
comparisons of model predictions with laboratory experiments and field data
or comparisons with other models already validated. The correctness of
results predicted by a model will be tested against similar models (verifica-
tion) and against appropriate laboratory and field data (validation). If
discrepancies occur, the models may undergo modification and further verifi-
cation and validation until the code predicts observed behavior with accept-
able accuracy.

This subactivity will perform laboratory experiments that will provide
direct observations of flow behavior in unsaturated media that can be
compared with code predictions and used to support validation of mathematical
models dascribing unsaturated fluid flow. Integrated sets of 1aboratory data
will be obtained, and the hydrologic propertias of the samples used in the
validation experiments will be measured. This subactivity is divided into
two separate parts. The first is raesponsible for designing and performing
the validation experiments. The second is responsible for ensuring that the
hydrologic property values required by the mathematical flow medels have been
determined for the samples used in the validation experiments.
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Under the first part of this subactivity, laboratory hydrologic experi-
ments will be designed and performed to support comparison of unsaturated
flow models to laboratory observations. The computer codes in which those
models are embodied and the factors involved in the general validation
process are summarized in Section 8.3.5.19.

2 primary effort within this subactivity will be to design hydrologic
experiments that can be sufficiently controlled to produce integrated sets of
data such that every relevant component of the model is addressed. Some
experiments may address single components of the model, and others may
address the composite response of the entire model. Although the time frame
of the experiments generally will not be comparable to the time period
desired for the application of the model, the loads imposed in the experi-
ments will be as comparable to those expected in situ as possible, perhaps
accounting for time and distance scaling factors. In general, the experi-
ments will be designed to monitor water movement (either wetting or drying
processes) in laboratory-scale samples under tightly controlled boundary
conditions. Materials may range from tuff samples of various kinds to
synthetic or natural materials such as sand. The main parameters to be
measured will include pressure, saturation, boundary conditions of pressure,
saturation, and temperature profiles, and time,

Two experiments have been designed at this time: One is an imbibition
(wettzng) experiment and the other is a drying experiment. Laboratory
scoping experiments of both imbibition and drying processes have already been
performed on a welded tuff sample of cylindrical geometry to develop the
necessary instrumentation. In the imbibition experiment, a dry sample of
cylindrical geometry will be placed within a core holder and pressure vessel.
Pressure conditions will be monitored. One-dimensional water movement will
be induced by initiating a constant water flux at one end. The transient
saturation profile along the sample will be monitored using a (nonintrusive)
gamma~-beam attenuation technique. The experiment will be terminated after
full saturation is reached. The sample will be tested initially under
isothermal conditions. : -

The drying experiment will use the same sample and experimental appara-
:s used in the imbibition experiment. A dry gas stream will be passed over
~ae or both ends of the saturated sample. The saturation along the sample
will be monitored as a function of tzme as the sample dries out.

The purpose of the second part of this subactivity is to characterize
the hydrologic properties of the samples used in the model validation
experiments. The parameters determined will be those required by the
unsaturated flow model to be validated. The general unsaturated flow model
(e.g., Section 8.3.5.12.1, Equation £.3.5.12-2) requires the following input
parameters: hydraulic conductivity as a function of pressure head, satura-
tion as a function of pressure head, and porosity. The first two parameters
are often referred to as characteristic curves of the material.. The curves
should be determined under the same water movement process (elthe: wettzng or
drying) as took place in the validation exper;ment. :
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This subactivity will cooperate with the work performed under Investi-
gation 8.3.1.2.2 to characterize the hydrologic proparties of tha tested
samples. The results will be documented and supplied to the scientific and -
engineering property data base for use in the validation process.

Although no validation of models will occur under this subactivity, the
experimental efforts will be closely coordinated with work described in
Sections 8.3.5.13, 8.3.1.2, and 8.3.5.19 to ensure that appropriate and
sufficient laboratory hydrologic experiments are performed to support modal
validation. :

8.3{5.12.3 Information Need 1.6.3: Identification ofithe gaths‘ot likely
. radionueclide travel from the disturbed zone to tha accassible
environment and identification of the fastast path

Descriptions of flow paths in both the unsaturated and saturated zones -
are required to determine the pathways to be used in compliance with the
10 CFR 60.113(a) (2) requirement for assessing pre-waste-emplacement ground-
water travel time along the fastest path of likely radiocnuclide travel from
the disturbed zone to the accessible environment. This information is used
in Information Need 1.6.4 (Section 8.3.5.12.4). 1In addition, the flow paths,
velocities, fluxes, boundary conditions, and initial conditions throughout
the site will be developed as input to predict the cumulative curies trans-
ported to the accessible environment under normal conditions for Information
Needs 1.1.4 and 1.1.5 (Sections 8.3.5.13.4 and 8.3.5.13.5).

Technical basis for addressing the information need .
Link to the technical data chapters and applicable support documents

Current information on flow paths at the Yucca Mountain site is
discussed in Chapter 3 and Section 8.3.1.2.

Parameters

- The results obtained from Information Need 1.6.2 (calculational models).
together with a hydrogeologic model of ths Yucca Mountain ground-watar flow
system arae needed to satisfy this information need.

Logic

Compliance with the 10 CFR 60.113(a) (2) ground-water travel-time
performance cbjective requires (1) characterizing the pre-waste-emplacement
environment and its potential spatial and short-term temporal variabilities,
(2) determining flow paths in the flow domain, and (3) identifying the
fastest path of likely radionuclide travel. '

Paths of likely radionuclide travel will be identified in two ways.
First, the information regarding the site will be svaluated directly. This
evaluation will involve examination of what is known about the features of
the site. The properties and behavior of these features will be avaluated
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with regard to the likelihood of radionuclide travel. For example, transport
and flow characteristics of the fractures near the Ghost Dance fault will be
evaluated. Similarly, the likelihood for lateral diversion of the flow and
the transport of radionuclides at contacts of the hydrogeologic units will be
evaluated. T ‘ ' " .

Secondly, pathways for likely radionuclide travel will be identified by
numerical modeling of the ground-water flow. A distribution of ground-water .
travel times will be determined for the entire site taking into account the
uncertainties in hydrologic properties, the reasonable models of water move-
ment (i.e., matrix versus fracture flow) and ranges of boundary and initial
conditions that are plausible. The pre-waste-emplacement ground-water travel
time will be determined for each of the paths of likely radionuclide travel.
In each case, the variation and uncertainty in values of hydraulic properties
will be taken into account in evaluating the ground-water travel time. These
analyses will result in probability distributions of travel times for each of
the various pathways. These distributions, or their means, can be compared
to determine which one or ones are the fastest path of likely radionuclide
travel. - ‘ : :

Currently, travel-time distributions have been estimated only by
simplified one-dimensional modeling (Sinnock et al., 198€). The simplifying
one-dimensional assumptions will be modified to account for the dependence
between outflow locations, travel times, and quantities. Such dependence and
interaction are likely to occur in the actual multidimensional flow system.
Therefore, analyses that either directly or indirectly account for two-dimen-
sional or three-dimensional flow will be used to incorporate the uncertainty
in identifying flow path correlations in the predicted travel times with such
features of the site as fault zones, or area of similar thicknesses of hydro-
geologic units, or strong spatial correlation of properties in localized
regions of the site. For example, the probability distribution for the site
may display multimodality that can be identified with geometrically and geo-
graphically distinct site features. Even without obvious modality im the
probability distribution associated with distinct site features, geometric
and geographic characteristics and locations of the most rapid flow time can
be identified using standard statistical techniques. : :

_ A general conceptual model of flow in the unsaturated zone was presented
in Section 3.9. This general conceptual model is flexible enough to accom-
modate various alternative hypotheses that are based on current understanding
of the hydrogeologic characteristics at the site. Each of the alternative
hypotheses may produce different likely paths for radionuclide travel.

Data collected under the geohydrology program (Section 8.3.1.2) will be
used to quantify ground-water flow characteristics and uncertainties along
the possible flow paths. As additional data are collected, the number of
alternative conceptual models necessary to consider will decrease. Numerical
: modeling based on alternative conceptual models will provide quantitative
predictions of flow fields and pathways. These models will evolve as new
data become available during the characterization process. Using one or more
models of the hydrology of the unsaturated and saturated zones at Yucca Moun-
tain, the range of likely flow paths will be determined. Because current
concepts include the possibility .of lateral diversion of flow in the unsatu-
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rated zone, determination of flow paths in the unsaturated zone will entail
two-dimensional calculations. The definition of flow paths will be coordi-
nated with activities under the geohydrology program (Section 8.3.1.2). '

1f the accepted definition of a fastest path of likely radionuclide
travel incorporates flow from the entire disturbed zone boundary, then the
fastast paths will be identified as those originating at that boundary, and
the vitric Calico Hills unit will be a primary barrier. If the geometric
location of the fastast path can be defined, the facility location could be
changed, if necessary, to ensure adequate thickness of specific hydrogeologic
units to provide high confidence of 1,000-yr travel times.

8.3.5.12.3.1 Activity'1.6.3.1: HAnalysis of unsaturated flowAsystemv'

The objective of this*acti#ity is to determine which flow paths or sets
of flow paths of likely radionuclide travel in the unsaturated zone will be
used in ground-water travel time calculations.

8.3.5.i2.3.1.1 Subactivity 1.6.3.1.1: Unsaturated zone flow anaiysis
Objectives

" The cbjective of this subactivity is to detemmine pre-waste-emplacement
unsaturated flow paths from the disturbed zone to the water table. This
description of flow paths will be performed in conjunction with Activity
8.3.1.2.2.9.5. The fastast path of likely radionuclids travel through the
unsaturated zone will be identified. L : :

Description

Concepts of the behavior of fluid flow in fractured, unsaturated tuff
media will be used in conjunction with Study 8.3.1.2.2.9 to devalop and apply
two-dimensional numerical models of unsaturated flow. Flow paths in the
unsaturated zone will be simulated. Likely paths of radionuclide travel will
be identified. K S L ‘ -

8.3.5.12.3.1.2 Subacgivityzl.ﬁ.B.l.Z:‘ Saturated zone flow analysis
Objectives o

The cbjective of this subactivity is‘to deté:minefwhich'iiow'pathb or -
set of paths of likely radionuclide travel in the saturated zone will be used
in ground-water travel time calculationms. / o : ~

Descrigtion'fl o SR | IR Co
The local region around Yucca Mountain will be modeled in conjunction
with studies deacribed in Section 8.3.1.2.3 by two-dimensional finite-element

8.3.5.12-50



YMP/CM-0011, Rev, 1 MP/CM-0011, Rev. 1

analysis to support the ground-water travel-time calculations. The two-
dimensional models will be evaluated for applicability to the travel-time
determination. If necessary to reach the necessary confidence in travel-time
predictions, a two-dimensional model of a single layer will be developed. &.
three-dimensional or quasi-three-dimensional modeling approach would be
developed only if two-dimension models are shown to be inadequate. The head
field will be predicted based on a set of conductivity values, and boundary
head values will be interpreted from the regional model developed under
Section 8.3.1.2.3.3. The finite-element mesh will be drawn to follow known
or suspected geologic features that may influence fluid flow. Flow paths
will be simulated in the saturated zone. This activity will be coordinated
with the saturated zone modeling performed in Section 6.3.1.2.3.3.3. Part of
this activity will entail defining the boundary of the accessible environment
based on the direction of ground-water flow in the saturated zone.

8.3.5.12.4 Information Need 1.6.4: Determination of the pre-waste-
emplacement ground-water travel time along the fastest path of
‘likely radionuclide travel from the disturbed zone to the
accessible environment

Technical basis foi addressing the informationineed '

Link to the technical data chapters and applicable support documents

Chapter 3 provides information on current estimates of ground-water
travel time.

Parameters

This information need is a rollup of the previous information needs
under this issue. Therefore, the output from these information needs will be
used as the basis for determining the pre-waste-emplacement ground-water
travel time. ' i

Logic

The determination of the pre-waste-emplacement ground-water travel time
should account for spatial and temporal variabilities and uncertainties in
the data and models. The difficulty of quantifying uncertainty in the
performance measure for the ground-water travel-time objective is recognized
by the NRC (Codell, 1986). 2s yet, the NRC has not indicated the specific
basis under which & ground-water travel-time modeling approach would be
judged adequate in accounting for such uncertainty.

The uncertainty in ground-water travel time is associated with
uncertainties in both conceptual models and measurement of hydrologic
properties. Ground-water travel time is considered a function of several
spatially distributed hydrologic properties such as effective porosity and
permeability. These properties are spatially distributed in a heterogeneous
fashion. The heterogeneity is characterized by a length scale that
approximately expresses the spatial correlation of hydrologic properties.

8.3.5.12-51



™MP/CM~0011, Rev. 1 MP/CM-0011, Rev. 1

Uncertainty will always exist about the representative values for effective
porosities, hydraulic conductivities, and moisture contents of the various

rock units at Yucca Mountain, particularly in unsampled regions. Conserva- -

tive assumptions will be adopted to compensate for ‘the inherent uncertainty u
in the data and models. Means and variances of the parameter values can be \.—)
estimated and used with a Monte Carlo approach to account for the uncertainty

caused by heterogeneity. If spatially varying parameters (represented by a
covariance matrix) can be estimated, then stochastic models or conditional
simulations will be applied. Statistical estimates of parameter values from

results of well-designed drilling, sampling, and testing programs in con=

junction with defensible conceptual models based on appropriate field tests

will provide a quantified ground-water travel-time distrzbution funct;on that
incorporates most, if not all, sources of uncertalnty

Ground-water travel-time values are, of course, highly dependent upon
the conceptual hydrologic models (to be determined within Section 8.3.1.2)
for both the unsaturated and saturated zones. The conceptual hydrologic
models are the bases for the formulation of the mathematical modals to be
used in predicting future hydrologic behavior of the sita. In the calcula-
tion of the ground-water travel-time distribution function required for
resolution of this issue, uncertainties in the conceptual model will be
addressed. The uncertainties to be addressed include variations in the
possible modes of water movement (i.s., matrix versus fractuze flow), the
hydrologic initial and boundary conditions, and the hyd:ologlc property
values and their intercorrelation. These uncertainties will be investigated
within this issue and the geohydrology program (Section 8.3.1.2).

8.3.5.12.4.1 Activity 1.6.4.1: Calculation of pre~waste-emplacement ground-
water travel time ‘ A _ U

The objective of this actlvity is to define performance measures and
perform related analyses of pre-waste-emplacement ground-water travel tims
This activity includes two subactivities.

8.3.5.12.4.1.1 Subactivity 1.6.4.1.1: Performance allocation for Issue 1.5

Ob]ectzve ‘ o ' SR

The objective ot this subactivity is to continually evaluate and, it
necessary, update performance allocation for Issue 1.6.

Description

Analyses will ba conducted to calculate quantitative astimates of
ground-water travel time. The predicted values can be compared directly with
the performance goals defined for issus resolution. The strategy for issue
resolution outlined in Section 8.3.5.12 will be updated if necessary.
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8.3.5.12.4.1.2 Subactiv1ty 1. 6 4.,1.2: Sensitivity and uncertainty analyses
- of ground-water travel time

Objective

The objective of this subactivity is to determine the sensxtzvrty and
uncertainty of ground-water travel time,

Description

Sensitivity analyses will be performed to determine how the ground-water
travel time changes as & function of changes in input parameters and concep-
tual models. Complementary uncertainty analyses will be done to determine
how much confidence may be placed in a predicted output parameter based on
uncertainties in input parameters.

8.3.5.12.4.1.3 subactiv1ty 1.6.4.1.3: Determination of the pre-waste-
emplacement . ground-water travel time

Objective

The objective of this subactivity is to determine pre-waste-emplacement
ground-water travel time at the Yucca Mountain site for comparison with the
performance objective in 10 CFR 60. 113(a)(2) '

Descrigtio

Pre-waste-emplacement ground-water travel time will be calculated along
the fastest path of likely radionuclide travel. The present planning basis
is to calculate ground-water travel times in accordance with the description
given in the logic section for this information need, and within the context
of the uncertainties that result from the absence of an approved definition
and approach for determining the "fastest path of likely radionuclide
travel."

8.3.5.12.5 Information Need 1 6.5: Boundagx of the disturbed zone

Technical basis for addressing the information need

Link to the’ technical data chapters and applicable support documents
Chapters 6 and 7 provide design data for current estimates of the
disturbed zone. Chapters 1, 2, 3, and { provide information on site
characteristics that might change after repository development.
Logic | : ' o
This information need deals with determining thevboundary of the dis-
turbed zone. Because the location of the boundary of the disturbed zone
depends on repository-induced changes in physical or chemical properties that
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may have a significant effect on the performance of the geologic reposztory,
it is different from the remainder of the information needs under this issue
which deal only with pre-waste-emplacement conditions. '

In 10 CFR Part 60.2, the NRC defines the disturbed zone as "the portion
of the controlled area the physical or chemical properties of which have
changed as a result of underground facility construction or as a result of
heat ganerated by the emplaced radicactive wastes such that the resultant
changs of properties may have a significant effect on the performance of the
geologic repository.® The definition poses two questrons '

1. 'What physical or chemical changee can have a sign;tzcant effect on
the . reposxtory s performance? :

2. What constztutes a srgnrf;cant effact on the reposxtory s
performance?

The NRC staff addressed these questions in a draft generic technical
position (GTP): "Interpretation and Identification of the Disturbed Zone in
the High Level Waste Rula; 10 CFR Part 60" (NRC, 1986b). The NRC staff
proposaed that the disturbed zone be defined "by the zone of significant
changes in intrinsic permeability and effective porosity caused by construc-
tion of the facility or by the thermal effects of the emplaced waste." This
position praesumes that permeabrlity and poreosity changes aze appropriata
surrogates for changes in performance. The NRC staff further considers
*that the pre-waste-emplacement ground-water travel time will still be an
appropriate measure of the overall geologxc setting performance for the
purpose of licensing.” 1In an earlier version of the draft GIP (April 1985,
page 8), the NRC staff explained what constitutes a significant change in
intrinsic permeabzlzty and effective porosity:; “the meaning of 'szgnrticant’
in this context is considered to be about a factor of two changa in effective
porosxty, which would generally correspond to about an order of magnitude
change in intrinsic permeability." Coupling the NRC definition with the NRC
staff’s gu;dance, the Yucca Mountain Project will determ;ne the size of the
disturbed zone in the following manner: . A : , '

1. The likely paths of ground-water traval in the pre-waste-emplacement
environment will be identified (Information Need 1.6.3, Section
8.3.5.12.3).

2. Ground-water travel time along these paths will be taken as a
primary indicator of performanca, as related to the definition of
the boundary of the disturbed zone. Because of the general
importance of effective poresity and intrinsic permeabrlrty in
calculating travel times, changes in these two properties along the
paths (probably confined to the matrix, not the fractures) will be
taken as measures used to defxne the boundary of the d;srurbed zone

3. Reposztory-znduced changes to effective porosity and intrinsic
permeability will be determined along the identified likely paths of
ground-water travel. Because the likely paths are presently
expected to be matrix-dominated and vertically downward in the .
unsaturated zone, only the matrix properties will be considered at
this tima. Tha disturbed zone is presumed to be contained entirely
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 within the unsaturated zone. The point(s) along the paths where
effective matrix porosity would decrease more than two times rela-
tive to the pre~waste-emplacement conditions or matrix permeability
would decrease by a factor of 10 times will mark the outer boundary
of the dlsturbed zone.

2s more information beccmes available regarding possibzlxtxes of
fracture flow, lateral ground-water flow and paths of likely ground-water
travel (Sections 8.3.1.2.2 and 6.3.1.2.3), the present basis for defining the
boundary of the disturbed zone will be reevaluated. If site information
indicates that the likely path is one of fracture-dominated flow, changes in
intrinsic fracture properties rather than intrinsic matrix hydrologic
properties will be used to determine the boundary of the disturbed zone.

Several of the hydrogeolog;c units within the unsaturated zone may be
considered in calculations that investigate how the repository changes the
ground-water flow field. Properties and conditions in some of these units,
particularly those more than 50 to 100 m from the waste, will probably be
needed only to provide accurate boundary conditions for analyses. Only the
unsaturated Topopah Spring, the unsaturated Calico Hills vitric, and the
unsaturated Calico Hills zeolitic units have performance measures and goals
associated with delineation of the disturbed zone boundary. The present
concepts of ground-water flow and design of the repository suggest that the
boundary of the disturbed zone probably will be contained within the Topopah
Spring welded unit. The unsaturated Calico Hills witric unit and Calico
Hills zeolitic unit are assigned goals because future design changes could
increase the areal power density of the repository enough to cause signifi-
cant property changes in them, particularly temperature-induced mineral
alterations. 1In determining an approach to fulfilling this information need,
the following gquidance from the most recent NRC draft technzcal position
paper (NRC, 198€b) was considered:

A disturbed zone of five diameters for circular openings, 5 opening
heights for noncircular openings, or 50 meters, whichever is larg-
est, from any underground'opening,'excluding surface shafts and
boreholes, may be the minimum appropriate distance for use in
calculations of compliance with the pre-waste-emplacement
ground-water travel-time crzterzon.

‘The reference design for the Yucca Mountazn repository calls for
underground openings approrimately 25 ft (8 m) wide and 22 ft (7 m) high
(Chapter 6). Five times the maximum dimension is 40 m and is less than 50 n,
therefore, by the NRC staff guzdance, the drsturbed zone should have a
minimum value of 50 m.

Using this guidance and the expectation that significant effects on the
performance of the repository will be caused by changes in the hydrologic
properties within the Topopah Spring welded unit, szte-specific information
will determine the extent of the disturbed zone. For convenience in deter=
mining what this information should be, the following discussion uses the
performance allocation temms (performance measures and goals) developed for
the issue resolution strategy (Section 8.2). The performance goals assigned
in this discussion, if met, will ensure that the dlsturbed zone is less than,
and perhaps much less than, 50 m in extent.
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Some differences exist between the Yucca Mountain Project and the NRC
draft GIP in the approach used to define the boundary of the disturbed zone.
The GTP states that the disturbed zone is "the zone of significant changes in
intrinsic permeability and effective porosity” where "significant changes”
was suggested to be about a factor of two change in affactive porosity or an
order of magnitude change in permeability. 10 CFR §0.2 states that the
disturbed zone is "that portion of the controlled area the physical or chemi-
cal properties of which have changed...such that the resultant change of
properties may have a significant effect on the performance of the geologic .
repository.®™ The Yucca Mountain Project believes 10 CFR Part 60 offers the
opportunity for a more realistic and flexible approach to defining the
disturbed zona. The guidance in the GTP infers that changes in the intrinsic
permeability of the rock mass are appropriate surrogates for one quantity,
ground-water travel time, which itself is an appropriate surrogate for total
repository performance. ‘In the unsaturated zone, thera will probably not be
such a direct correspondence between the intrinsic permeability of the rock
mass and ground-water travel time. An order-of-magnitude change in
permeability or a factor-of-two changs in porosity of either the matrix or
fractures will probably cause less than an order-of-magnitude change in the
ground-water travel time. The definition for a significant change in
intrinsic hydrolegic properties may be different for the Yucca Mountain site.

The GIP suggests a minimum distance of 50 m for the disturbed zone
boundary based largely upon considerations of stress redistribution around
openings. The GTP states that the no-stress-changa contour (at which
presumably changes in permeability will be eliminated) could ba conserva-
tively estimated to be about five times the opening height for noncircular
openings or five times the diameter for circular openings. Using 10 m as the
appropriate length, a value of 50 m was obtained. However, the Yucca Moun-
tain Project believes that the distance to a contour of minimal changes in
permeability is mora likely to be two to three diameters (Rautman at al.,
1987). This could place the boundary of the disturbed zone at much less than
50 m. :

Because the Yucca Mountain Project considers the boundary of the dis-
turbaed zone to be at a distance dictated by affacts on the performance of the
repository, that boundary may be significantly less than tha 50-m boundary
suggested by the NRC GTP. Ground-water travel time is acknowledged by the
DOE as strongly associated with the overall performance of the repository.
Effective porosity and permeability are tentatively accepted as reasonable
surrogates for ground-water travel time.  For this reason, all performance
measures for this information need are ralated to induced changes in matzixz
permeability and effective porosity. The changes in matrix properties are of
primary concern because the movement of water is currently thought to ba
primarily through the tuff matrix.

Table 8.3.5.12-4 lists the processes of concern in defining the boundary
of the disturbed zone; they are processes that could, in principle, change
the intrinsic hydrologic propertiss of tha rock. The processes listed in the
table are based on the NRC draft technical position paper, which suggested
the following processes be considered in determining the boundary of the
disturbed zone: (1) stress redistribution, (2) construction and excavation,
(3) thermomachanical processes, and (4) thermochemical processas. The first
three of these processes could change the permeability of tha matrix.
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Because ground-water flow is expected to be dominantly through the matriz,
stress redistribution, which primarily affects fracture hydrologic proper-
ties, is not expected to affect the location of the dzsturbed zone boundary.
*Fracture activation caused by mining and heating, " is listed in Table
8.3.5.12-4 to represent the first three processes. The‘fourth process,
thermochemical processes, is addressed by the remaining four entries in the
table, one for each of the hydrogeological units that are within about 100 m
of the reposztory horizon.

Matrix porosity and permeability are listed explzcztly'as performance
measures only for the Topopah Spring welded unit because it is the only unit
along the expected path of ground-water flow from the repository to the
water table in which it is thought there could be significant changes in
hydrologic properties. Until “significant change® in matrix porosity and
permeability is defined for the Yucca Mountain site, the disturbed zone will
be approximated by the extent of (1) increases in matrix permeability of more
than an order of magnitude and (2) decreases in matrix po:oszty of more than
a factor of 2.

A temperature limit is used as a performance measure for the remainder
of the units. The associated performance goal of 115°C was set to limit
mineral alteration and dehydration. This goal is indirectly related to
changes in intrinsic porosity and petmeability. At this time, this goal is
also expected to limit the changes in intrinsic hydrologic properties to
values no greater than those used as a performance goal for the Topopah
Sprzng welded unit. This assumption will be tested as part of the geochem-
istry program described in Section 8.3.1.3.

Because the definition of the disturbed zone is not gnverned by any
direct numerical regulatory criteria, and because it is expected that the
ability to show compliance with the 1,000-yr ground-water travel-time per-
formance criterion will not be very sensitive to the quantitative definition
of the disturbed zone boundary (Issue 1.6), the confidence level for each
performance goal in Table 8.3.5.12-4 is set qualitatively as *medium.®

Parameters

The information required to address Information Need 1.6.5 is listed in
Table §.3.5.12-5. These information items are required under the assumption
of matrix-dominated flow. If this assumption is shown to be invalid, the
current strategy will be modified and additional fracture flow character-
istics may be required. Kowever, those additional parameters are already
called for by Information Need 1.6.1 (Section 8.3.5.12.1) and it is belleved
that no testing would be required by this information need.

‘The following ateps will be used to define and provide supporting
evidence for the boundary of the disturbed zone:

Step 1. Obtain information on the likely ground-water flow path and
mode of travel from the repository to the water table
environment before waste emplacement. Determine the values
of intrinsic matrix permeability and effective matrix
porosity along this path. If continuous fracture flow
becomes the likely ground-water flow path, reevaluate the
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Step 2.

Step 3.

present strategy used to determine the boundary of the
disturbed zone. The locations of the llkely ground-water
flow paths and modes of flow from the repository to the water
table are needed to make this decision.

Obtain predictions of matrix hydrologic-porosity changes
(porosity and permeabllzty) under expected repository
conditions. Matrix porosity and permeability changes as a
result of geochemical alteration are needed to complete this
step.

Evaluate the extent and duration of repository-induced
changes along the flow path of interest by performing
thermohydrologic analyses using data that bound the expected
site characteristics (i.e., include the repository-induced
changes in site character;stzcs)

Table 8.3.5.12-5. Parameter needs for defining the disturbed zone

Item
number

Information item description

M =~ A U A

10
11

Location of the likely ground-water flow path and mode of flow
from the repository to the water table

Predicted average travel time and bounds on the travel time
along the fastest unperturbed path from the repository
location to the accessible environment

Reference underground facility designs (including borehole
spacing and spacing waste canisters within the emplacement

~holes)

Thermal decay characteristics of the waste package

In situ temperature conditions

Bulk density

Altitude of the hydxogeologxc unxt contacts

Location and displacements of faults within approximately
0.5 km of the outer repository boundary

Altitude of the water table

‘Location‘of any perched-qater zones

Thermal properties of the rock as a function of saturation
(including thermal conductivity and heat capacity) thermal
expansion ‘
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Table 8.3.5.12-5. Paremeter needs for defining the disturbed zone

{continued)

Item A
number Information item description
12 Saturation (and moisture content) values as a function of
depth and lateral spatral location ,
13 . Pressure head values as a functron of depth and lateral spatial
location ,
14 Thermohydrologic response of test under nonisotharmal test
conditions
15 Fracture and matrix saturated permeability
16 Relative permeability for the fracture network and matrix as a
function of temperature :
17 Gas relative conductivity for the fracture network and matrix
as a function of temperature
18 Moistura retention curves for wetting and draining
19 Effective porosity and porosity of the fracture network, fault
zones, rock mass, and matrix
20 Changes in porosity and permeability of matrix due to
: construction and heat from waste emplacement
21 Ground-water percolation flux at the top of TSw2 (portion of
-Topopah Spring welded unit proposed for repository unit)
Step 4. Determine quantitativaly what would ba considered a significant
changs in the intrinsic hydrologic properties by considering
how tha ground-water travel time bafore repository coastruce=
tion and waste emplacement comparas with what could be
expacted after repository coastruction and waste emplacement
in the portion of the rock that has been changed. The
original range and mean of the matrix hydrologic properties
will also be considered in determining a quantitative value
for a significant change in hydrolegic properties. The
results of step 3 will be needed to completa this step.
Step 5. Review the repository-induced changes in ground-water flow to

determine whether thare are other repository-induced changes
identified in step 3 that could significantly change the
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ground-water travel time from the repository to the acces-
sible enviromnment. Evaluate whether a new strategy for
determining the boundary of the disturbed zone should be
initiated. ‘

- Step 6. If necessary, revise the preliminary estimate of the boundary
L - . of the disturbed zone using the new predictions of matrix
hydrologic property changes and the quantitative definition
of significant property changes determined in Step 4.

8.3.5.12.5.1 RActivity 1.6.5.1: Ground-water travel time after repository
construction and waste emplacement

Objectives

The objective of this activity is to predict the ground-water travel
time to the water table using the hydrologic properties changed as a result
of repository construction and waste emplacement for comparing pre=- and
postemplacement travel times to establish the extent of the disturbed zone.

Description

Using a combination of (1) & two-phase, nonisothermal flow code with the
region of significant temperature changes and (2) an unsaturated isothermal
code outside that region with boundary conditions determined from a thermal-
conduction calculation, the movement of gas and liquid along with the
temperature distribution in the near-field region as a function of time will
be predicted. The following information will be used to help determine the
geometry and boundary conditions for the problem: (1) reference underground
facility designs, (2) distribution of rock properties, (3) temperature at the
water table and the surface, (4) geothermal gradient, (5) location of the
water table, and (6) initial pressure head and saturation conditions. The
following information will be used as input for the calculations: (1) ini-
tial pressure head and saturation conditions, (2) hydrologic properties of
the rock units before and after repository construction and waste emplacement
(items 16 through 21 from the parameter list), (3) thermal properties of the
rock units (the Topopah Spring as well as surrounding rock units), (4) bulk
density, (5) hydrologic and thermcmechanical unit contacts, and (6) location
of perched-water zones. .

8.3.5.12.5.2 Activity 1.6.5.2: Definition of the disturbed zone
Objectives

The objective of the activity is to reevaluate the definition of the
disturbed zone.
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Description

This activity will reevaluate and, if necessary, refine the boundary of -
the disturbed zone using the following information: (1) preliminary defini-
tion of the boundary of the disturbed zone, (2) the NRC guidance, (3) the
average and fastest likely path of a nonsorbing radionuclide, (4) predicted
bounds on tha travel time along the average and fastest unperturbed path from
the repository location to the accessible environment, and (5) changes in
hydrologic rock characteristics that are significant. Although this activity
is identified only once, it may be a recurring one. The possibility of
recurrence depends on changes in NRC guidance and the understanding of the
changes in properties caused by the repository.
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8.3.5.13 1Issue resolutlon strategg for Issue 1.1: Will the mined geologic
disposal system meet the system performance objective for limiting

radionuclide releases to the accessible envxronment as regglred by
10 CFR 60.112 and 40 CFR 191.13? «

Requlatory basis for the issue -

The regulation that governs this issue is given in Section 60.112 of
10 CFR Part 60. This regulation implements the containment requirements of
40 CFR 191.13(a): : ,

Disposal systems for spent nuclear fuel or high-level or
transuranic wastes shall be designed to provide a reasonable
expectation, based upon performance assessments, that the
cumulative releases of radionuclides to the accessible environment
for 10,000 years after disposal from all significant processes and

~events that may affect the disposal system shall:

(1) Have a likelihood of less than one chance in 10 of exceeding
the quantities calculated according to Table 1 (Appendix a);
and

(2) Have a likelihood of less than one chance in 1,000 of exceeding
- ten times the quantities calculated according to Table 1
(Appendix A). ,

Appendix A of 40 CFR Part 191 gives, in table form, the radionuclide
release limits that will be used to make the calculations referred to above.
These limits, expressed as curies (Ci) per 1,000 MTHM, are the release limits
for each radionuclide to be used in calculating the normalized release to the
accessible environment per Appendix A, 40 CFR Part 191 and are as follows:

Americium-241 or 243 - 100
Carbon-14 ) S o 100
Cesium-135 or 137 ‘ ' : 1,000
Iodine-129 ; o . ‘ : 100
Neptunium-237 100
Plutonium-238, 239, 240, or 242 , 100
Radium-226 . o 100
Strontium-90 : 1,000
Technetium-99 10,000
Thorium=230 or 232 : : _ : - 10
Tin-126 o : : S 1,000
Uranium=-233, 234, 235, 236, or 238 100
Any other alpha-emitting radionuclide :

with a half-life greater than 20 years 100

Any other radionuclide with a half-life
. greater than 20 years that does not
emit alpha particles , 1,000

Note that these limits do not represent the maximum allowable cumulative
release of these radionuclides when more than one radionuclide is released
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during the performance period. Adjustments for fuel burnups are also needed
(see Appendix A, 40 CFR Part 191).

The U.S. Department of Energy (DOE) understands the term ™accessible \_‘)
environment" to mean (1) the atmosphere, (2) land surfaces, (3) surface
waters, (4) oceans, and (5) all the lithosphere that is beyond the controlled
area. Likewise, the DOE understands the term "controlled area" to mean (1) a
surface location, to be identified by passive institutional controls, that
encompasses no more than 100 km? and extends horizontally no more than 5 km
in any direction from the outer boundary of the underground facility, and
(2) the subsurface underlying such a surface location.

The phrase "significant processes and events that may affect the geo-
logic repository™ is interpreted as meaning likely natural events and such
other processes and events that could affect a geologic repository and are
sufficiently credible to warrant consideration. Significant processes and
events that may affect a geologic repository may either be natural processes
and events or processes and events initiated by human activities other than
those licensed under 10 CFR Part 60. Processes and events initiated by human
activities may only be found to be sufficiently credible to warrant consider-
ation if it is assumed that: (1) the monuments provided for by this part are
sufficiently permanent to serve their intended purpose; (2) the value to
future generations of potential resources within the site can be assessed
adequately under the applicable provisions of this part; (3) an understanding
of the nature of radioactivity, and an appreciation of its hazards, has been
retained in some functioning institutions; (4) institutions are able to
assess risk and to take remedial action sufficient to prevent persistent or
systematic releases resulting from human-induced disruptions of a repository;
and (5) relevant records are preserved, and remain accessible, for several

hundred years after permanent closure. - ‘ ' v '\_)

Overview of the performance assessments for this issue

The DOE plans to demonstrate compliance with the total system perform-
ance objective by conducting performance assessments. These performance
assessments will (1) identify all significant processes and events that may
affect the geologic repository, (2) evaluate the effects of these processes
and events on the release of radionuclides to the accessible environment,

(3) combine estimates of these effects to the extent practicable into a com-
plementary cumulative distribution function (CCDF) displaying the likelihood
that the amount of radiocactive material released to the accessible environ-
ment will not exceed the specified values, and (4) compare the numerical pre-
dictions with the performance objective, evaluating the importance of any
uncertainties on conclusions from this comparison. : ’

The significant processes and events to be taken into account in these
performance assessments will be identified by developing scenarios that
specify a sequence of processes and events potentially resulting in signifi-
cant impacts on the variables of the systems important to waste isolation.
Scenarios will be developed for undisturbed conditions (those conditions
caused by likely natural events) and {or disturbed conditions that are suffi-
ciently credible to warrant consideration. In addition to providing an
approach to organizing the informaticn regarding significant processes and
events for this issue, these scenari:s provide a vehicle for the evaluation
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of the favorable and potent1ally adverse condltlons of 10 CFR 60.122 for the
resolution of Issue 1.8 (Section 8.3.5.17). :

‘The remainder of this section dzscusses a methodology for the perform-
-ance assessments and for defining suitable information needs for the resolu-
tion of this issue. The methodology that will actually be used in preparing
the license application may differ from the methodology proposed here. For
example, information developed during the site characterization may suggest a
different approach that may be more efficient in conveying the assessment of
the repository. However, it is the judgment of the DOE, based upon the
available information, that the proposed approach will lead to the informa-
tion needed for the DOE to present its case for the Yucca Mountain site,
‘whichever methodology 1s chosen. ,

The followxng dlscusszon addresses five topics:
1. Methods for constructzng a CCDF.

2. A prelxm;nary selection of events, processes, and scenario classes
for the Yucca Mountain repository site.-

3. Models for evaluating kadionuclide releases in the scenario classes.
4. B preliminary performance allocation for Issue 1.1.
5. Summary of licensing and issue resolution strategy for Issue 1.1l.

1. Methods for constructing a complementary consulative distribution
function

Definitions

With noted exceptions, the following definitions of terms are used
throughout the remainder of this section. The term “period of performance®
means the 10,000-yr period that follows closure of the repository. An
"event" means a natural or anthropogenic phenomenon that takes place during
an interval of time that is very short compared with the period of perform-
ance; for all practical purposes, events are regarded as discrete occur-
rences. Conversely, a *process® means a natural or anthropogenic phencmenon
that exhibits continuous change over the entire period of performance. A
"feature® (usually modified by the adjectives "undetected" or *undiscovered")
means an object, structure, or condition that may exist at the repository
site at the time of closure. 2 "scenario® means a sequence of definite types
. of events and processes that act or occur during the period of performance
with prescribed intensities, at prescribed epochs or for prescribed dura-
tions, in a prescribed order of occurrence. A "scenario class" (or class of
scenarios) is defined as the collection of all scenarios involving definite
types of events or processes, but with intensities, epochs of occurrence or
durations, and orders of occurrence allowed to range freely over the phys-
ically possible numerical values. :The word ®"consequence®™ means the magnitude
of the normalized, cumulative release of radiocactivity that would occur
should a given scenario be realized ("normalized release® is defined later).
The term “containment® as applied in the EPA standard, is the same as the
term "isolation," as applied by the NRC and in this document.
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Terms and concepts of probability theory are alse frequently used in the
following pages e.g., random variable, mean, or expaectation, distribution
function, and density function. Readers who are unfamiliar with these terms
are urged to consult textbooks on the subject for their precise meanings. ;
The texts by Feller (1960, 1966) and Ross (1985) are used as primary referen- \..)
ces in this section. Cther tarms are defined as needed throughout tha -
remainder of this saction. ’ o ‘ :

Conceptual and mathematical background

Quantitative predictions of the behavior of a geologic waste disposal
system over pariods of thousand of years are necessarily theoratical and
mathematical. Like other mathematical assessments of complex systems, an
assessment of the future parformance of a geologic wasta disposal system must
eventually be expressed in terms of a finita number of "performance
measures," which are usually numerical. Calculated valuas of thaesa
parformance measures can be compared with predetermined numerical criteria
that presumably define an acceptable range of system behavior and then
judgments concerning the relative worth of the system can be made on the

basis of these comparisons.

The performance critarion in this case is specified in the contairment
requirements of the EPA standard, 40 CFR 191.13, which is to be implemented
by the NRC performance cbjective for overall system performanca. This
criterion implicitly defines a performance measure of the fom

u=y R (8.3.5.13-1)

whare ' . \J

M = normalized releass from the total system,

Q. = cumulative radicactivity of the ** radionuclide released to the
~accessible environment in the 10,000-yr period following closure
from significant processes and events that may affact the
disposal system (Ci), - | '

L, =  release limit for the i radiocnuclide as specified in the
.~ rvegulations (Ci). (See 40 CFR Part 191, Appendix A, for the
- calculation of thaese limits.) . S !
The values of the performance measure (M) are not to be simply estimated
and compared with a range of acceptable standard values, as might be dona for
-a different kind of system. 1In the guidance and discussion sections of 40
CFR Part 131 relating to the EPA containment standard, 40 CFR 131.13(a), it
is explicitly recognized that considerable uncertainty will attach to
estimates of M because of the length of the pericd of performance and the
~difficulties inherent in predicting far-future system behavior. Therefore,
the requlations imply that M must be treated not as a single number or range
of numbers, but as a random variable. S o
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The random variable M may be described by a cumulative distribution
function (CDF); the EPA containment standard places conditions on the form
taken by the CDF by specifying limits on its complementary cumulative dis-
tribution function (CCDF). In terms of the CCDF, the contairnment standard
reads '

Pe{M > 1.0} < 0.1
Pr{M > 10.0} < 0.001 (8.3.5.13-2)
where Pr{e} stands for the probability that the statement “¢® is true.

A CCDF is always a nonincreasing function of a variable, say m, which in
the problem of present interest ranges from zero to the normalized inventory
of the repository closure. (A hypothetical CCDF is shown as the solid curve
in Figure 8.3.5.13-1a.) To show this dependence, the CCDF will hereinafter
be denoted by

G(m) = Pr{M > m}

Eow would one experzmentally construct G(m)? In principle, one might imagine
the followzng experiment (which will be called a "thought experiment® for
convenience in cross referencing): Construct a large number of replicas of
the system, begin operation of each replica at some common time, and at the
end of the period of performance observe the number of reglxcas for which M
exceeds any one of a set of predetermined values, say 10-3, 1, 10!, 102, 103.
If the replicas were real systems, there would always be some uncertainty in
the initial state of each replica and the physical conditions under which
each replica evolved during the period of performance; consequently, the
outcomes of the experiment would very likely be different for each replica.
Because the replicas are all prepared in the same way, each is equally likely
to correspond to the "real" system. By plotting a histogram of the relative
frequency of the number of replicas that are observed to exceed each
predetermined value (i.e., the number of replicas exceeding that value
divided by the number of replicas in the experiment), one would end up with a
step-like approximation to a continuous curve very much like the one shown in
Figure 8.3.5.13-1b. Such a curve is called an empirical CCDF. By increasing
the fineness of the grid of predetermined exceedance values and the number of
replicas in the “"thought® experiment, the empirical CCDF could be made to
approach a continuous curve such as the one shown in Figure 8.3.5.13-1a.

In practice, such an experimental construction of the CCDF for a waste
disposal system is impossible. Nevertheless, the experiment may be mimicked
with mathematical models of the system which are capable of generating sample
values of M when given a numerical specification of the physical states of
the system during the period of gerformance. The mathematical models,
invariably implemented by computer code, are used to generate a large number
of sample M’s; this action replaces the simultaneous observation of the
outcomes for the large aumber =f system replicas in the *thought® e-<eriment.
To correspond to the identicaliy prepared system replicas, the states of the
system during the period of perf:cmance must be specified in a way that
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properly reflects their probabilities. The sample M’'s so generated may then
- be plotted as a histogram to give an empirical CCDF. Roughly speaking, this

is the way the step-like curve in Figure 8.3.5.13-1b (taken from Hunter

et al., 1986) was actually constructed. ' ‘

Formulating, testing, and validating the mathematical models to be used
in mimicking the replicas of the *thought" experiment are by far the major
tasks of performance assessment. An extended discussion of mathematical
modeling of phencmena relevant to geologic waste disposal is beyond the scope
of this section- (although there will be some description of systems-level
models later in the section entitled "models for evaluating radionuclide
releases in the scenario classes.® Here, it will simply be assumed that
there exists a collection of formulae and algorithms which, when implemented
on a high-speed digital computer, are capable of transforming any scenario
into a value of the performance measure N,

An idealized geologic repository system must be described ultimately by

a finite number if dependent variables (here called performance measures).

In turn, the performance measures are functionally dependent upon a finite
number of independent variables, which are called state variables. The
‘number and nature of the state variable depend upon the level of detail at
vhich the system is modeled and upon the kinds of scenarios to be included in
the modeling efforts. In general, state variables can be arranged in a
hierarchy, with certain directly measured physical properties of the systen
(i.e., the data to be obtained during site characterization) forming the base
of the hierarchy. Above the base a graded series of aggregations of
quantities, each derived from measured properties and theory or from theory
alone form the next lower aggregation in the series.,

Some concrete examples of highly aggregated state variables for the
Yucca Mountain system are o ‘

1. Mass of the radionuclide in the repbsitory at closure time.
2. Average percolation flux at repository level.

3. The liquid-phase transport time of the"F"radionuclide from the
- repository level to the accessible environment.

4. The times of occurrence of displacement of the Ghost Dance Fault
greater than 1 m.

" S. The depth ot_penettation of a future episode of exploratory

€. The annual rate of erosion of the washes at Yucca Mountain.

7. The effective weights assigned by professional judgment to
alternative conceptual models of some site phenomenon or the
response of the system to a known site phencmenon.

In any case, there will exist a level in the hier&:chy of state

variables at which the aggregations of quantities are judged to be sufficient
to describe the occurrence, intensity, and perhaps even the subjective
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lixelihood of all processes, events, and features making up the scenario

‘classes for release of radiocactivity to the accessible environment. In other

‘words, there is a level in the hierarchy of variables that is adequatas to
describe and model tha consequences of all scenarios that have been judged to
play a significant role in determining the values of the performance measure.

As described later, the number of state variables necessary in tha
modeling of sequencas is in principle unbounded, but for purposes of
discussion, it is assumed that there are N such independent state variables.
Thesa variables arae conveniently represented as components of a vector

V=(n,mramw)

and the performance measuzre is seen to be a function of the state variables
that will hareinafter ba denoted by M(V) Note that V¥ is to be regarded as
the logical union of the sets of all state variables required in the modeling
of the consequences. ‘ ' ‘

A degree of uncertainty is usually attached to a state variable, owing
to various causes such as measurement error in physical quantitias, tha
spatial and temporal inhomogeneitias intrinsic to geologic processes and
events, and imprecision in the theories relating the variables in different
lavels of the stata-variable hierarchy. That is, most state variables may be
regarded as random variables in that they may take on values in rangas of
numbars rathar than always taking on a single value. Whether any given
variable needs to ba treated as a random variable depends upon the size of
‘the ratio of the variable’s standard daviation to its mean. If that ratio is
very small (as is the case for standard physical constants and the dimension:
of most engineered features), the variable need nct be regarded as a randem
variabla. If the ratio is nearly one or larger, and if the results of a
calculation are particularly sensitive to changes in that variable, it may be
nacessary to treat it as a random variable in order to capturs all
uncertainty in system behavior.

The previous examples of state variables support this claim. Example !
cites quantities that in principle cculd be measured but in practics will
probably be known to within at least 20 percent about their estimated mean
value. Examplas 4, 3, and 7 are scalar randcm variables with predictable
ranges but presently unknown distributions. Examples 2 and 6 are processes
that must be daescribed as random functions of time because both processes
depend upon climatic variables whose future behavior is presently unknown.
Because of hydrodynamic and geochemical dispersion, which arise from
unpredictable inhomogeneities in rock properties, the transport tima in
example 3, under steady-state conditions, must be regarded as a scalar randem
variable. Finally, all state variables may not be mutually independent: a
good example of correlated state variables are examples 2, 3, and 6: all c¢
these quantities ultimately depend on climatic conditicns at the sita.

Bacause some of the components of the state-variable vector are randcm
variables, the performanca measure, M(V'), taken as a function of the state
variables, must also be a random variabls whose properties (mean, variance,
and distribution) are determined by the joint distribution of the state
variables. The joint CDF for tha state variables is dencted.by F(V'% and th
joint density function asscciated with F(V) is simply symbolized by F(d\)

© 8.3.5.13-8
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using notation from Feller (1966). The mean (or expectation) of the -
performance measure, Af, can be obtained by applying to Af(V’) the expectation
operator, an operation formally defined here as ‘

_wwjj,jymw>_” | (8.3.5.13-3)

that is
M= E:.U(‘.')]

Other moments of the CDF for the performance measure can be obtained by
applying the expectation operator. For instance, the variance of M (denoted
by VarM]) is

Veridf’ = E(M - SI)?
Tﬁe CCDF f.or. #ye fe;fcrinance 'mearsu:e can be formally reﬁresented by

G(?n) = Es(M -m)] | (8.3.5.13~4)
where wiz) is the Vunit gtep func;ion (u(z) = 0ifz<0 m@l w(z)=1if2 > 0)

If the joint distribixt_ion fﬁnction F(V) is continuously differentiable
. for all the components of V, then the joint density F(d1*) can be represented
in a more familiar form as : :

F (av )‘ = f(w, ﬁ.'a. e DN Mo desdrg.. doy -

and the formal expectation operation (Equation 8.3.5.13-3) would be identical
with ordinary integration of the quantity [¢]f over the ranges of the XN state
variables. Although F(V') generally is not differentiable in all variables,
the equivalence between evaluation of multiple integrals of large dimension
and Monte Carlo simulation (see Hammersley and Handscomb (19€4) or Chapter 11
of Ross (1985) suggests that one may evaluate expressions like Equation
€.3.5.13-4 in a manner nearly identical tc the scheme for the ®thought
experiment® outlined earlier. For example, one draws S (>> 1) “"samples® from
the joint CDF for V (say v ¥3 % ..., {"f) and uses each sample value to
calculate sample values of the performance measure, for example, Af(\*!)
M(V3) M(VY), ..., M(Vf). The sample values of the performance measure may
then be arithmetically averaged to give an estimate of 1Y, or their relative
frequency of occurrence may be tabulated and plotted as a histogram to give
an empirical distribution function for the performance measure. It follows
that the two essential ingredients for construction of an empirical CCDE are
(1) a set of consequence models, that is, models that calculate the A(V)
attached to a specific Vs, and (2) a joint distribution function for all
uncertain state variables. B :

In practice, a crude Monte Carlo simulation of the kind just outlined is
seldom used, because it is inefficient in the use of random numbers and

© 8.3.5.13-9
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therefore, expensive in computing time. Instead, various "modified" Monta

Carlo metheds such as Latin hypercubas sampling (Iman and Conover, 1982) are

used to reduce the variance in the estimate for a given sample size (*). But

even if variance-reducing schemes are used, the sample size required foz .,
adequate resolution of the empirical CCDF may be large, and so, depending \_‘)
upon the time needed to calculate a sample value, the proposed calculation

would still be expensive. Iman and Helton (1985) suggest that *goocd rasults

are obtained” when '

5> (4/)N

This empirical rule illustrates the impracticability of using highly
datailed, two- and three-dimensional computer models of the system in
attempts to calculate the CCDF by Monte Carlo simulation. Even a modestly
detailed, one-dimensiocnal finite-difference model of liquid-phase flow and
solute transport at the site, such as the TOSPAC model (Dudley et al., 1988),
could involve on the order of 10,000 uncertain state variables and could
require at least sevaral minutes to generate its output on aeven tha fastest
digital computer. (In addition, note that the output of the cods would only
ba part of the numerical manipulations needed to calculate a sample value of
the performance-measure function associated with a scenario involving many
kinds of processes and events.) Although such alaborate and detailed models
may be necessary for gaining insight into the behavior of site phencmena,
their use in simulations of the total system could result in months of
continuous computing time being required to construct an empirical CCDF. The
DOE realizes these limitations and will attempt to overcome them by
developing relatively simple systems-level models of system behavior and -
system rasponse for use in calculating the empirical CCDF.

As a final background nota: The DOE has noticed that thers is a single
sufficient condition for satisfaction of the inequalities in Equation \_)
8.3.5.13-2. That condition is derived here since it will be used later in
developing an approximate criterion for screening events and procasses
according to the contributions they may make to the CCDF. Tha condition
follows from Markov’s Inequality (Loeve, 1960), which states that, for any
nonnegative randem variable X and any positive number s, -

P{X > 3} < E[X)/s

In other,éo:ds, a CCDF must be bounded above by the positive branch of the
hyperbola defined by y=EX]/a, 1If this result is applied to Equation
- 8.3,5.13-2, it can be seen that if the inequality

EAf < 0.01 | C 0 (8.3.5.13-5)

is satisfied, then both inequalities in Equation 8.3.5.13-2 are satisfied.

. As stated, Equaticn 8.3.5.13-5 is only. a sufficient condition; the
inequalities in Equaticn 8.3.5.13-2 may be satisfied even if E!M]> 0.0, and
in such a case, the entirs CCDF would have to bs constructed to sea whether
Equaticn B8.3.5.13-2 is satisfied. i : P

8.3.5.13-10 u
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The Cranwell methodology for constructing & complementary cumulative
distribution function’ ) _ - :

Cranwell et al. (1982) and Hunter et al. (1986) present extended
summaries and further references to supporting documents for & methodology
for constructing a CCDF that shows compliance with 10 CFR 191.3(a). This

- methodology is hereinafter called the Cranwell methodology.

The methodology represents the CCDF as a weighted sum of conditional
CCDFs. Using the mathematical notation developed in the background material,
equation (2) of Bunter et al. (1986) reads '

- 6m)= Y G(mis)P(S) (8.3.5.13-6)
I X : .

where 7 7
S, = a deéignator for the j"r *scenario®
P(S,) = probability that ' §; is realized

G(m S;) = a conditional CCDF: probabilit'y that Af > m, Given that‘ only
: - members of the j» "scenario" are realized. :

- Scenaric is placed in quotatien marks in the above definitions because the
Cranwell methodology definition of the term apparently includes objects that
are more general than the objects defined by this section’s definition of
scenario; the intended meaning of Hunter et al. (1986) appears to be closer
to the term “"scenario class®. S '

Any CDF or CCDF may be expanded in the manner indicated by Equation
8.3.5.13-6, provided that the S, are statistically independent entities
(i.e., are mutually exclusive events in the probabilistic sense of the
term "event®) and that the set of all §; is exhaustive (that is, the §;s

. represent all possible outcomes of an experiment, again in the probabllistic

- sense of the term “experiment®). In other words, P(s;)>¢ for allj and
“Y,P(S;)=1, The conditional CCDfs, G(miS;), are to be calculated in the
same way as the unconditional CCDF, G(m), (e.g., by Monte Carlo simulation),
using the marginal joint distribution function for those state variables, ¥j,
that appear in the specification of the j» ®scenario.® These state
variables will, in general, be a subset of the components of ¥ and will be
denoted in vector fomm by Vj. The reader should note that coastruction of
each conditional CCDF will generally be easier than construction of the
unconditional CCDF. This is because scme of the events or features that

_ appear in the specification of the ;* ®"scenario® are, by definition, forced
to occur during the period of performance, and therefore fewer random numbers
are needed. ‘ S o c

That the two representations of a CCDF, Equations 6.3.5.13-4 and
8.3.5.13-6, are formed by the same principle. That is, the expansion of a
distribution as a sum of conditional distributions, can be seen by making the

~ following correspondences: the integration operation in Equation 8.3.5.13-3

.8.3.5.13-11
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with the summation in Equation 8.3.5.13-6; the F(d") in Equation 8.3.5.13-3
with the P(S;) in Equation 8.3.5.13-6; and the unit step function (M -m) in
Equation 8.3.5.13-4 with the G(mls;) in Equation 8.3.5.13-6.

‘ In the first representation (Equation 8.3.5.13-4), the CCDF is expanded
in terms of each scenario in the nondenumerably infinite set of scenarios.
The "probability® of a scenario is the infinitesimal quantity F(dV), and the
conditional probability that M > mgiven that the scenario is realized is the
unit: step function %(M -m) (Note that the unit step function is a perfectly
good CCDF for a quantity that takes a single valua, say M =me, with
certainty at some point on the line of real numbers.) It is seen that the
requirements of mutual independence and exhaustivity are automatically met by
Equations 8.3.5.13-3 and 8.3.5.13-4. The function G(m) defined by these
equations will always have the properties of a CCDF (that is, G(0)=0 and
G(m) >0 for m>0, and G(m) nonincreasing for m>0) provided only that F(V)
is a joint CDF for the state variables V.,

In the second representation (Equation 8.3.5.13-6), the CCDF is expanded
in terms of a finite number of mutually independent and exhaustive scenario
classes; the probability of each scenario class is the finite quantity P(s,),
and the conditional probability that M >m, given that only members of
scenario class §; occur, is G(mls;).

The remarks in the preceding paragraphs may help in understanding why it
has not been clear how the tha requirements of mutual exclusivity and exhaus-
tivity could be met for the kinds of "scenarios" proposed in the Cranwall
methodology. The Cranwell methodology (Hunter et al., 1986) bypassed certain
. logical problems by firzst assigning values to the P(S;) (usually, on a sub-

jective basis) and then, if the sum of the P(S;) was not one, renmormalizing
to obtain new probabilities: . .

P(S5) = P(5;)/L; P(5)

Although this procedurs might be justified on the pragmatic grounds that all
P(5;) are very small numbers whose assignments are ultimately based on
" subjective judgmeat, it nevertheless violates the logic of probability theory
and provides no definite logical pathway for inferring the P(s;) from the
- more-fundamental probabilities of the occurrence of events and processas.
The preceding discussion is a preliminary comparison of two approaches
reprasented by Equations 8.3.5.13-4 and 8.3.5.13-6. . v

The U.S Department of Energy approach to choesing scenario classes

The approach used by the DOE to solve the problem of exclusivity and
exhaustivity inherent in Equation 8.3.5.13-6 has been to interpret the §; as
scenario classes instead of "scerarios,® and to attempt to partition the set

“of all scenarios into mutually exclusive classes of scenarios. There ara
many ways in which such a partition might be accomplished, and each way seems
to have its own logical problems. The partitioning scheme adopted by the DOE
for thae purpose of identifying the significant processes and events for
inclusion in the CCDF is illustrated below with the help of soma examples.

' ’cbnside: a waste-disposal sysf.eni in which any numbér of processes may be
operating, but in which only two independent kinds of disruptive events, I,

8.3.5.13-12
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and £y, may occur. For example, E, might be motion along an existing fault,
and £; might represent exploratory drilling. The probability that event Z,
(¢ = 1, 2) occurs at least once during the period of perfermance is denoted
by p. The partitioning into four mutually exclusive scenario classes for
this hypothetical example is illustrated in the form of an "event tree® in
Figure 8.3.5.13-2. This figure requires further explanation. First, note
that the sum of the four probabilities P(S;), j =1, 2, 3, 4, is 1. Next,
let 5 denote the class in which no disruptive events have occurred. This
- class is often and variously called the expected case, the anticipated case,
or the nominal case; all these terms may be misleading because there is no
reason to believe that P(S;) will always be larger than the other three
probabilities or the probability used in administratively defining the term
anticipated process and events. (The DOE will, however, continue the use of
these terms because of their significance in the interpretation of other
parts of 10 CFR Part 60.) Finally, note that processes are shown to play no
explicit role in this kind of expansion of a CCDF in independent scenario
Classes; a calculation of the conditional CCDFs, G(m|S;) , that appear in
Equation 8.3.5.13-6 would have to be accomplished by Monte Carlo simulation
and would require that a common set of sample processes be used consistently
for the simulation of each of the conditional CCDFs. In other words, all
processes are automatically expected or anticipated in this partitioning
scheme.

The formalism of Figure 6.3.5.13-2 can be used to show how undetected
features may be included in the definition of independent scenario classes.
Suppose that, in addition to the possible occurrence of two kinds of events
E, and E;, the possibility of the presence of a feature that could influence
releases to the accessible environment is admitted. The feature, F,, is
present at the beginning of the period of performance with probability p; and
absent with probability (1 - p;). Figure 8.3.5.13-3 illustrates the vay the
possibility of an undetected feature will lead to & doubling of the number of
independent scenario classes. This figure also applies to situations in
which there are two alternatives for the conceptual or mathematical model of
some process, event, or condition believed to be important in the detezr-
mination of releases to the accessible environment. A concrete example of
this sitvation is the conceptual model of recharge under Yuceca Mountain
(Montazer and Wilson, 1984): is recharge concentrated in highly fractured,
structural features lying to the southeast of the mountain, or is it nearly
uniform throughout the mountain? Such a two-state alternative model is, for
all practical purposes, the same as an undetected feature, because it leads
to a doudbling of the number of independent scenarioc classes (but note that
there may also be a=-state alternative models, where = > 2, leading to a
multiple of s branches). A simple example of a diagram arising from a
two-state alternative model can be found in Figure 9 of Hunter et al. (1986).

All the examples just cited involve only a few independent types of
events, undetected features, or two-state alternative models. The formalism
for expanding the CCDF in independent scenaric classes is nevertheless
:apable of being generalized to any number of such objects, provided that
they are statistically independent entities (i.e., having information about
the occurrence of one of them does not change the probability that any of the
others will occur). 1If there are X independent types of objects (events or
undetected features or two-state alternative models), there will be J =2f

§.3,5.13-13
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independent scenario classes denoted, as befora, bY S50 =1, 2, 3,..., 7).
The probabilities assigned to each class, P(S;), are then the J terms in the
expansion of the product ' '

X
[T - 22) = i

as a sum of terms., (Note that this product is automatically equal to 1 since
each of its terms equal 1; hence the representation as a sum of tarms also
equals 1, thus providing exhaustivity.) The py appearing in the product are
here called the "elementary prebabilities of occurrence® of the X independent
types of objects. As shown in the previous examples, the ms may have
different meanings, depending upon the type of object to which they apply. A
discussion of elementary probabilitias is provided later in this section.

Incorporaticn of uncertainties in repository performance related to
undetected features in the manner discussed previously is one approach to
this problem. Other approaches (e.g., sensitivity analyses and bounding
analyses) will be considered before selecting tha approach that will be used
in the compliance demonstration for licensing.

A generalization of this scheme has been adopted by the DOE for the
screening that identifies significant processes and events for inclusion in
- the CCDF; the next part of this section describes that screening. Howaver,
this partitioning scheme is adcpted here for the purpose of deriving gquidanca
for the site characterization program. It will not necessarily be the basis
adopted in licensing. : ‘

Screening for significant events, processas, and features

In the Cranwell methodology, the CCDF for the performance measure Af is
represented as a weighted sum of 2¥ conditional CCDFs (Equation 8.3.5.13-6).
The weights are the probabilities of the 2*¥ exclusive and exhaustive scenario
classes, and X is ' :

K = (number of types%ot independent events) + (number of distinct
types of undetected features) + (number of independent,
two-state alternative modals) ‘

-Distinct types of processes are not included in the sum (unless they are the
distinguishing features of a two-state alternative model) because, in the
Cranwell methodology, the stata variables of all processes are included in
the specification of every scenario class. In the next few paragraphs, a
CCDF depending upon K events, featuras, or alternative models is denoted by
G‘(m)t : ‘

Thus, the number of scenario classes to be considared in the performance
assessments increases exponentially with A; for example, if A= 10, there are
already 1,024 classes. Calculation of 1,024 empirical CCDFs by Monte Carlo
simulation would require an enormous computational effort, even if the
increased efficiency inherent in the calculation of conditional CCDFs by
simulation is taken into account. Note that Hunter et al. (1986) understand-
ably include only five "scenarios® in their example calculations of an
empirical CCDF. Some methods for raducing tha number of scenario classes to

-8.3.5.13-16
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be included in a CCDF calculation to a manageable size are needed. At the
same time, these methods should preserve exclusivity and exhaustivity, be
applicable in advance of a CCDF calculationr, and lead to the identification
of those scenario classes that play essential roles in determininq the shape
of an empirical CCDF. Such methods, which might be called screening methods,
are mentioned in this descriptions of the Cranwell methodology: “Scenario
protabilities offer a2 means of screening the scenarios to determine which
-ones should be modeled® and "A preliminary estimate of consequences can also
be used to screen scenarios before full-scale consequence modeling® (Hunter
et ai., 1986). The EPR also mentions the possibility of eliminating events
and processes on the basis of their probabilities of occurrence: Guidance
"for 40 CFR Part 191 states that “performance assessments need not consider
-categories of events or processes that are estimated to have less than one
chance in 10,000 of occurring over 10,000 years." (Appendix B of EPA (1985)).

Certain disruptive events, features, or alternative models (hereinafter
collectively called agents) may be eliminated as ingredients of scenarios,
provided that their elementary p:obabilities are sufficiently small. It can
be shown that the absolute error in the calculated CCDF caused by dropping
those scenario classes in which a single, to-be-eliminated agent occurs is
bounded by that agent’s elementary probability of occurrence. For example,
'if event & is to be eliminated, then the absolute error obeys the following
inecnality'-

{Gx(m) - Gx--(m)l < h,
If & :otal of L (< K) agents is to be eliminated, then

Gr(m) = Gx-r(m) S pa, = Ps, + Pay = - = Pas

! This bound on absolute error incurred by eliminating L out of K agents
suggests a way of setting a criterion for screening events, features, or
alternative models before constructing a CCDF. If the elementary probability
of each agent considered for elimination is such that

' € 0.0001/K o . (8.3.5.13-7)

then up to K of the agents may be eliminated without causing more than
10-percent error in the CCDF at the more restrictive of the two inequalities
shown in Equation 8.3.5.13-2, that is, the inequality G(10) < 0.001. (Note
‘that other kinds of errors, i.e., those arising from a finite sample size,
are inherent in ‘the construction of the gggirical CCDF and are not counted in
the lo-pe:cent telative error.)

The DOE does not intend to screen scenarios by consequences alone. The
methodology will retain an analysis of low-consequence, high-probability
events in order to provide ‘a -complete estimate of the CCDF and a thorough
characterization of repository pe:formance.

A crude but probably adequate measure of the relative importance of the

consequences of different disruptive agents can be derived using the CCDF
representation in the Cranwell methodology (Equations 8.3.5.13-€ and

8.3.5.13-17
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8.3.5.13-5). Taking the formal derivative of Equation 8.3.5.13-6 to obtain a
probability density function for M, multiplying that probability density
function by m, and applying the expectation operator (Equation 8.3.5.13=3) to
the resulting product givas

L ' ‘ :
EM;= Y EMIS;P(S;) , (8.3.5.13-8)

. J=l

The quantities Z!Mis;) are the conditional expectations of the performance
measuze A, given the occurrence of scenario class S;. Each tem in Equation
8.3.5.13-8 (i.e., tha product  E[M|S;|P(S;)) is called the expected partial
performance measure (EPPM) for scenario class S;). Using the inequality in
Equation 8.3.5.13-5, a sufficient condition for meeting the requlatory
_requirements of Equation 8.3.5.13-2 is

Z(EPPM' for scénniq class §;) < 0.01 (8.3 .5;13-9)
7 . | <

It intuitively follows from Equation 8.3.5.13-9 that the significant scenario
classes are those that have the largest EPPMs. In particular, scenario
classes with EPPMS having values near 0.01 are significant, although tha
occurrence of an EPPM > 0.01 does not automatically imply a violation of the
regulatory requirements. The connaction between EPPMs and screening of
potentially disruptive agents according to their consequences can be made by
two observations: First, the EPPM for a scenario class in which a given
disruptive agent, say the '* one, is assumed to occur will be bounded above
by the product, p EIMIS;}. Second, an upper bound for the conditional
expactation - EIMIS;:, say B,, may often be estimated by simple, determinis-
tic calculations. It follows that the EPPMs for scenario classes involving
the i** disruptive agent are bounded above by m B, (or B, when p, is
unknown), and that tha latter quantities can bs used as surrogates of the
EPPMs in a preliminary screening of potentially disruptive ageats. This
procedure is particularly useful in the performance allocation procass.
Several examples of its use are provided later in the secticn entitled "A
preliminary performance allocation for Issue 1.1.°

Prcbabilities of avents, processes, and features

The foregoing discussions in this section have established that, in
order to calculate an empirical CCDF for tha performance measura, various
measures of probability (i.e., CDFs for Monte Carlo simulation and elementary
probabilities for calculating scenario class probabilities) must be assccia-
ted with those events, processas, features, and alternative conceptual models
that determine the classes of raelease scenarios. The present discussion
briefly addresses two topics regarding probability: (1) the measures of
probability needed for each kind of agent or process in order to includa
their uncertainties in the CCDF and (2) whether and to what extent the DOE
beligves that those measures of probability can ba objectively derived from
physical cbservations and data. - : : ’ :

P:ababillity measuras for events (and soma kinds of undetected features)
are usually derived from probability models. A "probability model® is a

8.3.5.13-18
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mathematical model that 1s capable of relating measurable quantities
associated with past occurrences of the event to CDFs for certain state
variables. For example, the state variables of interest for events are
usually

1. The number of events that occur in a prescribed interval of time.
2. The times of occurrence of each event.

3. One variable {(at least) desc:xbzng the magnztude or 1ntenszty of
each event.

For events whose occurrence in time is uncertain, all these variables of
interest must be treated as correlated random variables. The elementary
probability of the & kind of event, p; is the probability that the &* kind
of event will occur at least once in the period of performance. The elemen-
tary probability for events can always be derived from the CDF (or probabil-
ity density function) for state variable 1, that is, the number of events
that occur in a prescribed interval of time.

Probability models for geoclogic events can be exemplified by the
so-called Poisson process (Ross, 1985). The Poisson process is characterized
by the assumption that the waiting times, Afa between the occurrence of any
tvo events of type k are 1ndependent, exponentially distributed random
variables, that is

Pdan<c}=i-uﬂ-hq.o<g<m

where A\ depends upon the type of event and the associated magnitudes of
intensities of the event. The quantity X is sometimes called the probabil-
ity per unit time since it has units of reciprocal time. The reciprocal of
A is the mean time between any two events. The ptcbabxlzty that exactly n
events of type & will occur in a time 1nterval t is given by the Poisson
distribution

(4\“)

e exp{=2st), n =0, 1, 2..

If t is taken to be 10,000 years, it follows that the elementary probability

~ of the occurrence of an event of type b 13

m=l-uﬂ-h0 .

;And when (at) << 1, the series expansion of the exponential function is used

to justify the approximation, pi=z .

In theix investigations of the likelihood that the Yucca Mountain
repository could be intercepted by extrusive basaltic volcanism, Crowe et al.

(1982) combine available data on remnants of volcanic activity with Poisson-

process assumptions to arrive at a maximum probability per unit time for
volcanic disruption of 4 x 10-8/yr. . Donath and Cranwell (1961) use Poisson-
process assumptions combined with geometrical probabilities to estimate the

probability that faultxng will disrupt a repository.
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Poisson-process assumptions are convenient for the treatment of rare,
geologic events bacausa thara are usually oaly enough data on past
occurzrences of the avent to fit one paramaetar {%). The mean time batwaen
events, 1/1,, can be simply estimated by three steps. '

1. Dating physical evidenca that marks the past occurrenca of an event. \').

2. Counting the number of events that have occurred in some prescribed
time interval.

3. Calculating a mean time between aéents, by dividing the number of
avents by the time interval.

This was essentially the method of Crowe et al. (1982). Crowe et al.,
however, also assumed that episodes of basaltic volcanism in the Yucca Moun-
tain region would be Poisson distributed in space as well as time. In scme
investigations, there exist sufficient data to conclude that the occurrancas
of scme geologic event actually fit the Poisson distribution. Algarmissen
and Perkins (1376) assert that "large shocks (from earthquakes] closely
approximate a Poisson process, while small shocks may depart significantly
frem a Poisson process.® :

Poisson-process assumpticns are used to exemplify probability measures
for geologic events throughout the remainder of this section. Nevartheless,
the DOE recognizes the possibility that data obtained during site character=-
ization may justify the use of diffarent kinds of probability models in
performance assessment calculaticns. For example, if strong evidence is
developed that shows that the time intarvals between the occurrences of a -
critical type of geologic avent, say during the Quaternary Period, are
increasing (or decreasing) instead of remaining approximately constant (as
required by Poisson~process assumptions), then a probability model for that \_)
type of avent based on the so-called nonhomogeneous Poisson process (Ross,
1385) would be used in performance assessment calculations involving that
avent. The probability per unit time in a nonhomogeneous Poissen procass can -
be any nonnegative function of time, say A(f), that can be fitted with the
data,

The DOE also recognizes that the use of a finite data set to fit the
parameters of a probability model imposes uncertainty on thoss parameters
themsalves. For example, the procedura indicated above for fitting the mean
time between events in a homogeneous Poisson-process- gives what is called a
maximum-likelihood estimate of the true meantime. Such estimates are
themselves normally distributed about the true mean with a variance that
deczreases with increasing sample size (i.a., the mumber of data points used
in calculating the estimator). There is no practical way of minimizing this
_kind of uncertainty because the number of data points obtainable is always
limited by other practical considerations such as limited time, funds, or
-simply the difficulties in finding and reccrding the evidence of a past event
or process. ' The only reasonabls way to address the fact that the parameters

.-in a probability model may take on a range of values is to first attempt to
minimize the spread of those ranges as much as possible and then use thosa
values within the indicated ranges that lead to conservative elementary
probabilities (i.e., probabilitias that will to some degrea overestimate the
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likelihood of the occurrence of an event). This scheme is used in interpre-
ting the results of Crowe et al. (1982), and the DOE will apply it generally
to arrive at an assignment of the parameters of any probability model that
appears in the calculation of an empirical CCDF.

In contrast with geologic events, the assignment of probability measures
to anthropogenic events that may occur in the far future must be based
entirely on expert judgment. That judgment could be expressed in terms of a
probability model or, more likely, by an assignment of a maximum credible
rate of occurrence of the event. The EPA has already assigned a maximum
credible rate of future exploratory drilling on & waste-disposal site:
"...the Agency assumes that the likelihood of such inadvertent and inter-
mittent drilling need not be taken to be greater than 30 boreholes per square
kilometer of repository area per 10,000 years for geologic repositories in
proximity to sedimentary rock formatlons, or more than 3 boreholes per square
kilometer per 10,000 years for repositories in other geologic formations."
(EPA, 19895). Given & maximum credible value on the rate of occurrence of an
anthropogenic event, requiring a conservative estimate of the elementary
probability forces the use of a Poisson probability model. Placing a maximum
credible value on the rate of occurrence of that event automatically forces
the use of a Poisson probability model, because such an assignment places a
constant upper bound on the failure-rate function (Ross, 1985) uniquely
associated with the CDF for the interval of time between occurrences of the
event.

The elementary probabilities of the occurrence of natural undetected
features, such as fault zones, magmatic intrusions, and perched water, would
ideally be derived from probability models similar to the ones used in
estimating the occurrence of mineral commodities (see John W. Harbaugh’s
treatment of this topic in Chapter 2 of Hunter and Mann, 1988). But, because
of the quantity and specialized nature of the field measurements required to
fit the parameters in these kinds of models (i.e., special boreholes and
remote-sensing experiments), it may not be possible to realize the ideal for
all but the most credible and potentially 1mportant kinds of natural
undetected features.

As previously remarked, the numerical specification of a process is the
same for all scenario classes unless the process is the distinguishing
feature of an alternative model, or unless the process is changed by the
occurrence of an event. Hence, processes will generally not play a direct
role in the definition of scenario classes in the representation of the CCDF
in the Cranwell methodology. Accordingly, processes cannot be screened using
the methods associated with the Cranwell methodology and need not be assigned
elementary probabilities. There may nevertheless be considerable uncertainty
inherent in the description of a process. Important examples are the uncert-
ainty in percolation flux and water-table level because these quantities may
be affected by future climatic changes. Such process-related uncertainties
can be incorporated into Monte Carlo simulations in at.least two ways, which-
ever way proves to be the most efficient or justxfzable in terms of available

_data:

1. The time-depehdent function tep:esentlng the process may be
represented by a piecewise-linear function, as shown in Figure
8.3.5.13-4, or by a piecewise-constant function.
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Figure 3.3.5.13-4. Representation of a time-gependent state variable. The hypothetical case shown is of
percolation flux in the Topopah Spring weldea unit 23 2 function of tims. The solid curve is the predicted fiux
history. the dotted curve is a discrete approximation to solid curve Subdivisions of the ordinate show oossible
exceedance intervals for the percolation flux. The celis defined by the subdivisions of the ordinate and abcissa form
an M by N matrix for the definition of exceedance probabilities. the notation P(m.n) stands for the probability
that percolation flux in the mt® interval is exceeced in the at® time interval
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2. The time-dependent function representing the process may be approxi-
‘mated by an analytical expression involving a few deterministic
‘functions of time and a few scalar random variables.

For example, the spatially averaged percolation flux at the level of the
reposztory mlght be most simply approximated by -

q(l) =qer 8, 0<1<10,000yr

" where ¢, is a random varxable rep:esentzng the spatially averaged percolation
flux at closure time (¢ = 0), and & is a random variable representing the
rate of change of the spatially averaged flux owing to future climatic
changes. Other approximations might be justified, depending upon expert
judgments in the areas of future cllmatology and unsaturated-zone hydrology

The U.S. Department of Bne:gy approach to constructxng the complementary
cumnlatlve distribution £unct1on

In calculating the CCDF, the DOE intends to take into account all those
natural processes and events that are sufficiently credible to warrant
consideration. Generally, categories of natural processes and events that
can be shown to have a likelihood of less than one chance in 10,000 of
occurring in the first 10,000 yr after permanent closure would not be taken
into account in CCDF. Furthermore, categories of natural processes and
events whose contribution to the overall probability distribution can other-
wise be shown to be insignificant would not be included in the detailed
assessments. Likewise, any particular combinations of categories of natural
processes. and events that meet either of these two criteria would not be
incorporated into the CCDF. That is, particular scenario classes involving a
sequence of categories of events or processes that, in combination, can be
shown to have a probability of occurrence in the 10,000-yr period following
permanent closure of less than one chance in 10,000 or that otherwise can be
shown to make a negligible contribution to the overall probability
distribution would not be evaluated in detail.

Impacts of processes and events initiated by human activities will also

. be considered in the system performance assessments with regard to this

- issue. Repository construction and waste emplacement, as they affect the
conditions in the geologic repository, will be taken into account in the
evaluating of the CCDF for normalized releases. The treatment of such events
and processes will follow an approach similar to that used for the natural
processes and events. To address the effects of human activities (such as
direct intrusion), the DOE will (1) evaluate the effects of potentially
adverse human activities, such as those identified in the examination of the
potentially adverse conditions of 10 CFR 60.122: (2) develop scenario classes
of categories of processes and events that are initiated by human activities
and that result in potentially significant impacts on normalized releases;
and (3) estimate relative probabilities and consequences for these scenarios,
taking into account the factors and the assumptions given previously in the
regulatory basis for this issue. The scenarios and scenario classes associ-
ated with human activities are often highly ‘speculative and often do not
involve significant impacts on the variables important to waste isolation.
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Therefore, the specification of highly speculative, low-impact human-activ-
ity-related scenarios and scenario classes, the development of the methods to
analyze these classes, and the identification of data to support these
analyses will not be allowed to dominate the testing program.

A scenario class will be developed for undisturbed performance of the
geologic repository; it will take into account the legitimate, distinguish-
able alternative conceptual models that are supported by the available
information. (As explained previously, this class is called the nominal
class; it is associated with anticipated or expected conditions.) By
undisturbed performance, the DOE means the predicted behavior of a geologic
repository, taking into account the uncertainties in predicted behavior, and
considering only likely natural events. In this instance, "natural events®
refers to those natural processes and events that are reasonably likely to
occur in the 10,000-yr period following permanent closure. The judgments of
which natural processes and events are likely to occur during this period
will be based on the assumption that those processes operating in the
geologic setting during the Quaternary will continue to operate, but that
with construction of the repository or the presence of emplaced radiocactive
waste, some perturbation will occur. . - o : -

Disruptive scenario classes will also be developed for the analysis.

Such scenario classes will be those that involve processes and events that
are sufficiently credible to warrant consideration, but which are outside the
range of those considered for the nominal case. For example, these scenarios
may involve disruptive natural processes such as significant fault displace-
- ment, climate change, or volcanic activity that have a low probability of
occurrence in the next 10,000 yr. These scenario classes would also include
those developed for human interference activities discussed earlier.

As the preceding discussion points out, to describe the system ideally,
the set of scenario classes should be exhaustive and the classes should be
mutually exclusive. That is, the set of scenario classes should provide a
partitioning of all the physically realizable futures for the repository -
system, and the set should be constructed so that the consequences of some
effect are not counted more than once. In practice it will be difficult to
provide such an ideal representation of the significant processes and events.
For example, it will be difficult to distinguish between the low probability,
extreme site characteristics taken into account in the undisturbed-perform-
ance scenario classes and the site characteristics resulting from unlikely
processes and events that are taken into account in the disturbed-performance
scenario classes. Care will be necessary to ensure that the scenario classes
are as representative as possible. ’ s Lo o

It will also be difficult to ensure that every physically realizable
Zuture is represented in the set of scenario classes, particularly those that
may be associated with unlikely processes and events. One of the undisturbed
scenario classes is assumed to account not only for the likely processes and
avents evplicitly specified in the descriptiocn of the scenarizs, but alsc for
all unlikely processes and events that have no impact on repository :- -
performance. This scenario class is termed the ™nominal® performance
scenario class. Again, effort is needed to ensure that the nominal case
scenario class provides a reasonable representation for these conditions.
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Within each scenario class it will be possible to specify one or more
release modes. For example, release of radionuclides may occur by way of
water pathways, in which dissolved radionuclides are transported by water; by
way of gas pathways, in which the radionuclides are transported in gaseous
form and not with the moving water; and by direct pathways, in which the
radionuclides are transported directly to the accessible environment by
mechanical means, such as by magmatic extrusion or human recovery. In some
instances, the scenario class will be defined with a particular release mode
in mind; for example, for some scenario classes, such as drilling scenarios,
the direct-pathways mode may be considered to dominate. ' s

2. A preliminary selection of events, processes, and scenario classes for
the Yucca Mountain repository site

The identification of scenario classes for any system is ultimately a
matter of professional judgment. Methods that have been used to identify
scenarios were tecently reviewed with the following conclusion: *"Three dif-
ferent approaches-have been proposed to identify scenarios for performance
assessments of high-level waste repositories: simulation, event trees, and
judgment. Simulation models require large amounts of hard-to-obtain input
data. Event trees tend to produce extremely large numbers of scenarios.

Most published performance assessments rely on judgmental methods. . ."
(Ross, 1986). To this fair appraisal might be added the observation that
construction of meaningful simulation models or event trees also requires
judgment. Observational and experimental evidence should be used to screen
out insignificant effects before attempting to construct simulation models;
similarly, efficient construction of event trees can proceed only after there
has been a thorough examination and interpretation of the evidence concerning
phenomena that might affect the system. The DOE will use professional judg-
ment to guide the program for identifying scenario classes that have signi-
ficance. At this point, it is appropriate to summarize specific efforts to
identify scenarios for a repository system at the Yucca Mountain site.

In addition to the studies summarized below, the DOE has correlated the
selection of scenarios with the results of evaluations of alternative con-
ceptual models of site behavior. As Section 8.3.1.1 explains, various alter-
native models may, on the basis of currently available evidence, be used to
describe the behavior of the site. Tables that display these models (called
hypothesis-testing tables in Section 8.3.1) have been linked to Issue 1.1 by -
identifying the performance measures (from the performance allocation tables
throughout Section 8.3.5) whose values are sensitive to those processes and
then estimating qualitatively the effect that variations on those measures
could have on the performance of the repository system.

The list of scenarios derived from the studies summarized below has been
expanded as part of the ongoing evaluations of alternative conceptual models
described in the tables. The preliminary set of scenario classes derived in
this section is intended to incorporate the consequences of all the signi-
ficant processes that, according to current evidence, could reasonably be
expected to affect the performance of the site. The decisions regarding
which alternative models will be the cases for the selection of scenarios
used in licensing will be reevaluated throughout site characterization as
additional information becomes availaple. -
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The decision-aiding methodology study

A panel of experts assembled by the DOE (1986a) proposed 15 generic,
potentially significant scenarios (Table 8.3.5.13-1) and assessed the
significance of these generic scenarios.for a repository at Yucca Mountain,
Nevada, using professional judgment and information from the Yucca Mountain
environmental assessment (DOE, 1986b). The panel judged that scenarios 3, 4,
and 12 of Table 8.3.5.13-1 are not sufficiently credible to warrant consid-
eration*** and that realization of scenarios 5 through 9, 13, and 14 would
not entail consequences more severe than the nominal case (scenario 1).
Scenario 1 (the nominal case), scenario 2 (unexpected features), and
scenarios 10a through 11 were regarded by the panel as belng potentially
significant at Yucca Mountain.

The unexpected-features scenario (scenario 2) was divided into six
categories of features: (1) repository-induced subsidence or uplift,
(2) undetected-fault zones, (3) undetected significant lateral variations,
(4) undetected dikes or sills, (5) undetected vertical heterogeneity (perch-
ing of water), and (6) other--a category of unspecified features. The panel
stated that "The impacts of extreme conditions that result from unexpected
features could lead to releases that could be as much as 10 times greater
than those for the nominal case"™ (DOE, 1986a). After making evaluations, the
panel concluded that the most important releases would be by ground water;
consequently no scenarios were developed for gas-phase releases (i.e.,
carbon-14 as carbon dioxide). ;

The Ross study

Ross (1987) surveyed the events, processes, and features that might play
a role in disruptions of the performance of the Yucca Mountain repository
site. He examined the 56 processes, events, and features listed in the
International Atomic Energy Agency (IAEA) list of phenomena potentially
relevant to disruptions of a radiocactive-waste repository (IAEA, 1983a) and,
on the basis of information associated with the Yucca Mountain statutory
environmental assessment (DOE 1986b), concluded that about 25 distinct
events, processes, or features are credible for the Yucca Mountain situation.
ne also identified 84 sequences formed from the 25 events, processes, and -
features that, if realized, could influence the performance of one or more of
the engineered or natural barriers.

These 84 sequences are summarized in the following series of in-text
tables. Each table groups sequences by the event, process, or feature
believed to initiate the sequence or substantially guide its progress. The
tables identify the sequence number arbitrarily assigned by Ross (1987), as
well as an abbreviated description of the sequence.

'Followxng each table is a discussion of the sequences associated with
the event, process, or feature that were excluded from consideration. Also
given are page numbers from Ross (1987) where the reasons for exclusion can
be found.

The sequences associated wzth cllmate change identxfxed by Ross (1987)
are given in the following table:
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13-1. Potentially significant scenarios®

*

-

Scenario

- Description,-/
1 - Nominal case (expected coﬁditions)
2 _Unexpected features |
3 - - Repository induced dissolution of the host
: - rock
4 Advance of a d1ssolution front
) Movement on a large fault inside the con-
trolled area but outside the repository
-6 Movement on a large fault within the
- repository
7 Movement on a small fault inside the
controlled area but outside the
- repository
8 Movement on a small fault within the
repository
9 Movement on a large fault outsxde the
controlled area -
10a !Extrusxve magmatic event aat occurs during
o the fzrst 500 yr after closure
10b Extruszve magmatic event that occurs 500
‘ to 10,000 yr after closure
11 Intrusive magmatic event
12 Large-scale exploratory drilling
13 Small-scale exploratory drilling
14 Incomplete sealing of the shafts and the

repository

agource: Takle 2.2

in DOE (108€a).
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Ross sequence T o N .
number Sequence for climate change

1 An increase in infiltration due to climate change at

the repository site increases the unsaturated water
flux through the repository. ,

2 : An increase in recharge due ro climate change raises the
water table beneath the repository above the top of
the Calico Hills nonwelded tuff unit.

3 . A higher water table short-circuits a flow barrier in
: the saturated zone, changing the pattern of flow.

4 Regionally higher water tables create discharge points
closer to the repository, reducing the distance to the
accessible environment. The rise in the regional
water table floods the repository.

5 Perched water develops above the repository, diverting
downward flow through the repository into localized
zones. N

6 : ‘Perched water develops at the base of the Topopah Spring

welded unit. Flow through the Calico Hills unit is
diverted into fracture zones draining the perched
. water table.

The sequences associated with climate change dismissed by Ross (1987)
and the pages in his report giving the reasons for exclusion are as follows:
increased recharge due to "greenhouse effect” warming that exceeds 50 percent
(p. 16), recharge exceeding maximum level attaired during the past 100,000 yr
{p. 16), new points of discharge of ground water from the water-table aquifer
closer than 10 km from the repository if the repository does not flood
(p. 18), release of radicactivity from discharge of perched water closer than
10 km from the repository (p. 18), and flooding of the repository by perched
water (p. 19). .

The sequences associated wzth stream erosion ldentlfied by Ross (1987)
are given in the following table:

Ross sequence
number: - Sequence for stream erosion

7 Entrenchment of the Amargosa River at Alkali Flat lowers
base levels and increases regional gradients.
Regional hydraulic relations are such that water-table
lowering at Yucca Mountain is insignificant, but
increases in ground-water velocity are significant.
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Ross sequence

number Sequence for stream erosion (continued)

8 Beds of intermittent streams now resting on the Tiva
S Canyon welded tuff unit erode.through to the under-
lying nonwelded unit. These washes form a barrier to
lateral flow in the Tiva Canyon and divert flow down-
. ward. Regions of high flux are formed below them.

The sequences associated with stream erosion dismissed by Ross (1987)
and the pages in his report giving the reasons for exclusion are as follows:
major changes of course of the washes on Yucca Mountain (pp. 22-23), stream
erosion rates in Yucca Mountain washes exceeding 50 m over the next 10,000 yr
{p. 23), stream erosion that exposes the repository (p. 23), and substantial
change in saturated-zone hydraulic gradient due to erosion upgradient or near
the repository (p. 23).

The sequences associated with floodxng 1dent1fied by Ross (1987) are
given in the following table:

Ross seQuence
number Sequence for flooding

9 ’ Flooding of the washes on Yucca Mountain is a major
source of infiltration, and zones of higher moisture
flux exist permanently or seasonally below washes.
One or more of these zones is not detected during the
site characterization.

10 _Occasional major floods provide sufficient infiltration
‘ to overcome the capillary barrier that usually diverts
flow laterally, creating temporary wetter zones
- beneath the washes. :

11 Most percolation thtough the deeper unsaturated portions
' - of Yucca Mountain occurs following the major precipi-
tation events whose recurrence interval is tens,
hundreds, or thousands of years. After future events,
there are periods of tens to hundreds of years during
which percolation througn the unsaturated zone is
" increased over the present relatively dry conditions.
.Fracture flow then occurs in the Topopah Spring unit
..and perhaps other hydrogeologic units between the
"ep051tory and the water table. -

Tne seguences asscciated with fauiting and selsm1c1t1 1dent‘f;e by Ress
(1987) are given in the followzng table. -
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Ross sequence
number

12

13

YMR/CM=0011, Rev. 1

- Sequence for faulting and seismicity

Movement of a new or existing fault shears canisters
along the line of the fault. The same fault also
creates a "trap" for moisture moving laterally through
the Tiva Canyon welded unit, and so the sheared
canisters are placed in a region of enhanced downward
moisture flux.

- Fracture dilation along a new or existing fault creates

zones of enhanced permeability in the Calico Hills and

- Paintbrush nonwelded units. Erosion of an arroyo at

14

15

16

the surface and increased hydraulic conductivity of
the Paintbrush unit create a zone of increased perco-
lation along the fault. Moisture moves through frac-
tures along the fault.

'The downdip side of a new or existing fault moves up.

The fault thus forms a "trap® for laterally moving
moisture in the Tiva Canyon welded unit. A new region
of enhanced flux through the Topopah Spring unit is
created.

'Fracturiné éiong a newly mobilized fault creates a

permeable pathway through the flow barrier north of
the repository block. The magnitude of the resulting
change in the flow system is sufficient to raise the

- water table under the repository to the top of the
Calico Hills nonwelded unit.

' As in sequence number 15, fault-caused fracturing

breaches the flow barrier north of the repository
block. Flow is blocked by another barrier, not
apparent from the current head distribution, and the
resulting rise in water table floods the repository.

- The water passing through the repository discharges
through springs in Fortymile Wash.

The sequences associated with faulting and seismicity dismissed by Ross

(1987) and the pages

in his report giving the reasons for exclusion are as

follows: seismic acceleration due to earthquakes centered outside the site
(p. 28); formation of new faults in areas where an existing fault of the same
nature might not be discovered during site characterization (p. 29), fault
uplift bringing waste canister to the surface (p. 29), and fault movement
sufficient to place nonadjacent tuff units in contact (p. 30).

The sequences associated with geochemical changes identifiad by Ross
(1987) are given in the following table: o
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Ross sequence :
number Sequence for geochemical changes

17 Precipitation of zeolites or other minerals in the
saturated zone reduces effective porosity without
significantly improving the sorptxve properties of the
rocks.

~ 18 .+~ Fracture flow occurs in the unsaturated zone at current
percolation rates. Precipitation or alteration of
minerals blocks the small-aperture fractures and
diverts the flow into larger fractures, increasing the
water velocity.

The sequences associated with undetected faults and shear zones
identified by Ross (1987) are given in the following table:

Ross sequence

number Sequence for undetected faults and shear zones

19 - A wet zone below a minor fault through the Tiva Canyon

lower contact escapes detection durlng repository
construction, and waste is emplaced in it.

20 An undetected major fault dips below the repository.
The fault has greater permeability than surrounding
unfaulted rock, and enhanced moisture flow along it
passes through the Calico Hills nonwelded unit in
fractures.

21 - An undetected major fault dips below the repository.

. Because of the formation of fault gouge, matrix
hydraulic conductivity in the fault is less than the
moisture flux, and so moisture flows through the
Calico Hills nonwelded unit along fractures in or just
above the fault

22 An undetected fault provides a path for water movement
from the tuff aquifer beneath the western portion of
the repository to an underlying carbonate aquifer.

The sequences associated with undetected faults and shear zones dismis-
sed by -Ross (1987) and the pages in his report giving the reasons for exclu-
sion are as follows: existence of undiscovered major through-going faults in
tuff at the repository site (p. 34), undiscovered faults in underlying Paleo-
zoic sedimentary or igneous intrusive rocks (p. 35), existence of a major
fault that intersects the repository workings but is not discovered during
the construction phase (p. 35), fault passing above the repository but not
intersecting it (p. 35), water movement from tuff to carbonate aquifers in
the eastern portion of the repository site (p. 36), and undetected faults
affecting only the saturated tuff aquifer (p. 37).
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The sequences associated with undetected dikes identified by Ross (1987)
are given in the following table:

Ross sequence _
number - - Sequence for undetected dikes

23 An undetected dike passing through the Calico Hills

, nonwelded unit beneath the repository has very low
matrix permeability but fairly high fracture
permeability. Moisture infiltrating along the dike
moves through fractures.

The sequence associated with undetected dikes dismissed by Ross (1987)

and the pages in his report giving the reasons for exclusion are undetected
intrusive sills (p. 38). :

The sequence associated with extrusive magmatic activity identified by
Ross (1987) is given in the following table:

Ross sequence

number ' Sequence for extrusive magmatic activity
24 A basaltic volcano erupts through the repository. The

volcano is fed through a dike; waste canisters within

the dike mix with the magma, and their contents are
erupted.

The sequences associated with extrusive magmatic activity dismissed by
Ross (1987) and the pages in his report giving the reasons for exclusion are
as follows: direct release by volcanic eruption of waste that does not lie

within a feeder dike or vent (p. 41), and indirect releases due to volcanic
eruption (p. 42). ' :

. The sequences associated with faulty waste emplacement identified by
Ross (1987) are given in the following table:

Ross sequence

number Sgggenée for faulty waste emplacement

25 Canisters are placed by mistake in wet zones.
26  Drains installéd to divert water around canisters are
improperly built or omitted altogether over some

canisters. :
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Ross sequence : : ‘
number Sequence for faulty waste emplacement (continued)

27 - Canisters are left lying-on the floor of repository

drifts. These canisters have poorer heat removal than
those properly emplaced, and their increased horizon-
tal cross-section raises the amount of water they in-
tercept. Water drips on the canisters and corrodes
-them even while their temperatures are well above

95 degrees centigrade.

28 Canisters are placed closer ﬁogether than planned. &as a
result, temperatures inside the packages are hlgher
than anticipated and corrosion of fuel cladding is

accelerated. '

29 Some waste canisters are manufactured so improperly that
they fail early.

30 Some waste canisters are punctored or abraded during
emplacement.

The sequence associated with irrigation identified by Ross (1987) is
given in the following table:

Ross sequence
number , Sequence for irrigation

31 Irrigation in Midway Valley increases the moisture flux
through the repository.

The sequences associated with irrigation dismissed by Ross (1987) and
the pages in his report giving the reasons for exclusion are as follows:
irrigation directly over the repository. (p. 45), significant increase in
hydraulic gradient caused by irrigation elsewhere in the ground-water basin
(p. 46), and construction of water reservoirs above the repository (p. 47).

The sequences associated with intentional ground-water recharge or
withdrawal identified by Ross (1987) are given in the following table.

Ross sequence . Seqoence,for ground-water recharge

number : or withdrawal
32 Water is collected in covered cisterns above the
repository o enhance ground-water recharge.
’33 ; - Irrigation wells are drilied in Midway Valley.
kTS Irg%q:rion.wells are drilled in‘trater Flat or Jackass
Flats.
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Ross sequence Sequence for ground-water recharge
number o or withdrawal (continued)
35 Pumping rates increase in the presently irrigated areas

around the town of Amargosa Valley. The water table
is significantly drawn down, and the hydraulic

gradient increases.

36 Mine dewatering'is carried-oht directly below the
repository. The saturated zone is eliminated as a

barrier.

The sequence aséociated with intentional ground-water recharge or
withdrawal discussed by Ross (1987) and the page in his report giving the
reasons for exclusion are artificial recharge using water imported from

outside the vicinity of the repository (p. 47). :

The sequence associated with large-scaie alterations of hydrology
identified by Ross (1987) is given in the following table:

Ross sequence
. number Sequence for large-scale alterations of hxgrolgg!

37 An active management scheme is inttoduced for the Alkali
Flat-Furnace Creek Ranch ground-water basin, by which
hydraulic gradients in the saturated zone beneath the

repository are increased.

The sequence associated with large-scale alterations of hydrology
dismissed by Ross (1987) and the page in his report given the reasons for
inclusion is damming of the Colorado River (p. 50). ,

The sequence associated with undiscovered boreholes identified by Ross
(1987) is given in the following table. .

~ Ross sequence

numbaz o Sequence for undiscovered boreholes
38 _ A horizohtally emplaced waste canister lies in the trace

of an old undiscovered borehole. Moisture conditions
are wetter than now thought, and water flows in
fractures in the old borehole.

undiscovered boreholes dismissed by Ross

(1387) and the page in his report giving the reasons for exclusion are
as follows: undiscovered boreholes in which waste canisters are not placed
{p. 51), and emplacement of wastes in tunnel floors in the trace ofvan

undiscovered borehole (p. 51).

The seQuences associated with
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The sequence associated with undiscovered mine shafts identified by Ross
(1987) is given in the followlng table: :

Ross sequence

number - " Sequence for undiscovered mine shafts
39  An old‘prospect in a wash retains water after floods and

therefore is a source of enhanced infiltration. The
wet zone beneath it is not detected durrng repository
constructlon, and waste is emplaced in it.

" The sequences assoclated with undiscovered mine shafts dismissed by Ross

{1987), and the pages in his report giving the reasons for exclusion are
‘as follows: undiscovered deep mine shafts (p. 52), and undiscovered shallow

prospector shafts outside washes (p. 52).

The sequences assocrated with exploratory drlllrng identified by Ross
(1987) are given in the following table:

Ross sequence .
number . Sequence for exploratory drilling

40 :,‘ Exploratory drillers'intercept a waste canister and
' bring waste up with the cuttings.

Water introduced lnto the unsaturated zone as drilling.
fluid by exploratory drillers drains downward, through

the repository.

41

42 An exploratory borehole creates a pathway for preferen-
tial flow through the upper nonwelded unit, and a
wetter zone develops beneath in the Topopah Spring

welded unit.

43 Surfactants introduced into unsaturated rock by drilling
fluids shift its characteristic curve, draining
smaller pores around the borehole. Water introduced
by subsequent infiltration events acts as though air
.were the wettrng phase and flows through large pores

and fractures.

The sequence ‘associated with exploratory drilling dismissed by Ross

(1987) and the page in his report giving the reasons for exclusion are
exploratory drilling to prepare for recovery of HLW from the repository

(p. 53).

" The sequences associated with: resource minlng identified by Ross (1987)
are given in the following table:
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Ross sequence

number Sequence for resource mining
44 Builders of a mine shaft intercept a waste canister and
: bring radioactive waste up with the mine waste.
45 Water introduced into the unsaturated zone for mining
' above the repository drains downward through the
repository. : o .
46 A mine shaft crates a pathway for preferential flow

through the upper nonwelded unit, and a wetter zone
develops beneath in the Topopah Spring welded unit.

47 Surfactants introduced into unsaturated rock by drilling
' fluids shift its characteristic curve, draining ‘
smaller pores around the mine. Water introduced by
subsequent infiltration events acts as though air were
the wetting phase and flows through large pores and
fractures. h

The sequences associated with resource mining dismissed by Ross (1987)
and the pages in his report giving the reasons for exclusion are as follows:
lowering of water table due to "mining™ of ground water (p. 55); and mining
of the repository level for minerals other than the waste itself (p. 56).

The sequences associated with climate control identified by Ross (1987)
are given in the following table.

Ross sequence ‘ S
number - ' ~ Sequence for climate control

48 ' An increase in recharge at the repository site due to
artificial climate change increases the unsaturated
water flux through the repository.

49 An increase in recharge due to climate modification
raises the water table beneath the repository above
the top of the Calico Hills nonwelded tuff unit and
induces fracture flow in the welded Topopah Spring
unit. ‘

50 Recharge induced by large-scale climate modification
raises the regional water table sufficieatly to flood.
the repository. - . .

51 A higher water table due to climate modification

short-circuits a flow barrier in the saturated zone,
changing the pattern of flow.
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Ross sequence

number Sequence for climate control (continued)
- 52 . Perched water develops above the repository because of

climate-modification-induced recharge, diverting
downward flow through the rep051tory into localized
zones.

53 An increase in recharge due to climate control causes
perched water to develop at the base of the Topopah
Spring welded unit. Flow through the Calico Hills
nonwelded unit is diverted into fracture zones
drainlng the perched water table.

- The sequences associated with differential elastic response to heating
identified by Ross (1987) are given in the following table:

Ross sequence

number Sequence for differential elastic response to heating

54 Thermal expansion closes most fractures near the
repository. Pre-existing fracture percolation is
diverted into fractures of larger aperture.

85 ' Differential thermal expansion of surrounding rocks
stresses canisters, 1eading to stress-corrosion
cracking.

56 Differential thermal expansion of surrounding rocks

creates stresses that shear canisters.

57 Rock movements driven by thermal expansion of underlying
units open fractures through the Paintbrush nonwelded
unit. This creates local zones of increased flux
through the unsaturated units below.

-The sequence associated with differential elastic response to heating
dismissed by Ross (1987) and the page in his report giving the reasons for
exclusion are opening or closing of fractures due to thermal expansion under
natural flux conditions (p. €0).

The sequence associated with nonelastic response to heating identified
oy Ress (19287) is given in the following table:
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Ross sequence

number Sequence for nonelastic response to heatingv

58 - Thermally induced fracturing of rocks immediately sur-

rounding waste canisters creates capillary barriers to
- movement of moisture between blocks of the rock mat-
rix. The matrix is locally- saturated, forcing flow
out into the fractures and resulting in film flow or
droplet impact on waste packages. The result is ac-
celerated localized corrosion and waste dissolution.

The sequences associated wlth nonelastic response to heating dismissed
by Ross (1987) and the page in his report giving the reasons for exclusion
are as follows: fracturing of rock due to thermal expansion more than 10 cm
from waste canisters (p. 62), and changes in ground-water travel time due to
fracturing of rock near canisters (p. 62). -

The sequences associated with temperature-drxven fluid migration
identified by Ross (1987) are glven in the followxng table:

Ross sequence

number - Seggence for teggerature-drlven fluid migration
59 Water accumulates above a repository during the thermal

period because of evaporation and condensation. When
gravity-driven flow resumes, a large volume of water
contacts canisters, and flow goes through fractures.

60 - Emplacement of waste in the floor of repository drifts
creates a large thermal gradient across the drifts.
Moisture condenses on the roof and drips onto
- canisters, accelerating corrosion.

61 ~ Temperature inhomoqeneities in the repository lead to
localized accumulation of moisture above it. Wet
zones form below the areas of moisture accumulation.

62 A thermal convection cell arises in the saturated zone
beneath the repository. The thermally driven outward
water flow in the upper portion of the tuff aquxfe:
increases ground-water velocities.

The sequences associated with temperature-driven fluid migration dis-
missed by Ross (1987) and the pages in his report giving the reasons for ex-
clusion are as follows: temperature dependence of water pressure, density,
viscosity and rick relative permeability (p. 53), formation of artificial
geysers by steam pressure of repository (p. 65), transport of radioactive
aerosols to surface through drained fractures (p. 66), Soret effect (p. 67),
and thermal osmosis (p. 67).
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The sequence associated with local mechanical fracturzng identified by
(Ross 1987) is glven 1n the following table:

Ross sequence

number : Seggence for local mechanxcal fracturing
63 Rock bursts propel rocks into waste packages and

puncture the canisters.

The sequences associated with local mechanical fracturing dismissed by
Ross (1987) and the pages in his report giving the reasons for exclusion are
as follows: subsidence creating open fractures to surface (p. 68), and in-
creases in: permeability due to fracturing around repository workings (p. 69).

The sequences associated with corrosion 1dent1f1ed by Ross (1987) are
gzven in the followlng table:

Rdss,sequence

number . : Sequence for corrosion
64 Water drips or wicks onto canisters at specific

locations, leading to buildup of brine deposits on
small previously stressed areas.. These areas are
focuses of localized attack.

65 Water drips or wicks onto canisters at specific

p . locations, leading to buildup of brine deposits on
small areas that happen to have previously been
stressed. : Stress-corrosion cracking ensues.

66 The canister material is subject to stress-corrosion
cracking, but the initiation time is too long to be
‘detected in tests. Canisters fail by this mechanism a
- few decades after the repository has been sealed.

67 Canisters are sensitized by long-term storage at moder-
ately hot temperatures in the repcsitory. Stress-
corrosion cracklng {or perhaps *ntergranular corro-
sion) ensues in a stressed zone.

68 Zircaloy cladding is subject to stress-corrosion crack-
ing at repository temperatures, but initiation times
.are too long for detection in in-reactor service or in
the reposxtory testlnq program.

(33
“0

fn-.e: canlste: ::eac., colloxds :Z zorrosion preoducts
sorb normally highly retarded radionuclides and carry
them away unretarded.
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The sequences associated with corrosion discussed by Ross (1987) and the
pages in his report giving the reasons for exclusion are as follows: erosion
corrosion (p. 70), galvanic corrosion (p. 70), selective leaching (p. 70),
and hydrogen attack on canisters (p. 71). Ka)

The sequences associated with chemical reaction of the waste package
with rock identified by Ross (1987) are given in the following table:

Ross sequence Sequenée'for chemical reaction of

number waste package with rock
170 - Water dripping or runhing over Qaste contains ions that

precipitate uranium. The precipitation reaction
removes uranium from solution and increases the rate
of fuel dissolution.

71 Waste and rock are placed in close juxtaposition by
mechanical failure of emplacement holes or drifts, or
by small movements on faults. Reactions between
uranium, rock minerals, and water in contact ‘with both
precipitate uranium, leading the spent fuel to
dissolve more rapidly than if constrained by the

. equilibrium solubility of uranium,

172 The high dissolved-silica content of natural waters
entering the repository causes rapid corrosion of -
Zircaloy fuel cladding. ‘

73 Colloids are formed from the rock by alteration under U

thermal, mechanical, and chemical stresses. Normally
well-retarded radioelements such as plutonium and
americium sorb to the colloids.

74 L Waste-contaminated water reacts with rock, and colloid
phases of minerals containing radicelements are formed
by coprecipitation. The colloids are transported with
little or no retardation.

Thé sequences associated with qeochemical alteration.identified by Ross
(1987) are given in the following table: . -

RoSS sequence

number - ~ . Sequence £ar geochemical altaration
75 During the‘period of”heating of rocks around the reposi-

tory, minerals adiacent to the residual water-bearing
pores are altered to clays. These clays clog the
pores. When the repository cools, water flows through
fractures.
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Ross sequence

number Sequence for geochemical alteration (continued)

. 76 u During the thermal period, zeolite minerals in fracture
(O ‘ : fillings are altered to less sorptive phases.

77 Waters moving away from the hot region around the
- " repository precipitate minerals derived from dissolved
constituents of tuff and cements used in repository
construction. These minerals clog pores and divert
subsequent flows into fractures.

78 - Evaporation of ground water in the hot zone near the
repository horizon leaves precipitates that plug
pores. As a result, when gravity-driven flow resumes,
water near the repository is diverted into fractures.
Initially, there is a pulse of corrosive brine.

79 Evaporation of ground water in the hot zone near the
‘ : repository horizon leaves precipitate. When gravity-
driven flow resumes, the precipitates redissolve, and
after a short period of fracture flow, the flow re-
turns to the matrix. There is a considerable period
of flow of corrosion brines with elevated dissolved
solids.

80 There is fracture flow in the Topopah Spring welded unit
even under undisturbed conditions. Chemical reactions
induced by repository heat plug smaller-aperture

| . ~fractures. After the thermal pulse ends, percolation
—/ is diverted into larger fractures.

81 Water passing through the warm region around the reposi-
tory is depleted of calcite by temperature-induced
precipitation. Below the repository, the calcite-poor
water dissolves out calcite veins in the Calico Hills

" nonwelded unit.

The sequences associated with chemical alteration dismissed by Ross
(1987) and the pages in his report giving the reasons for exclusion are as
follows: thermal release of moisture from hydrated zeolites (p. 76), and
loss of mechanical strength due to thermal dehydration and rehydration of the
Topopah Spring welded unit (p. 77).

The sequences associated with microbial activity identified in Ross
(1987) are given in the following table:

Ross sequence 7 .
number - Sequence for geochemical alteration

82 ~ Microbial activity accelerates canister corrss:icn.
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Ross sequence

mumber - Sequence for geochemical alteration (continued) |
83 N Microbial activity accelerates cladding corrosion. &J
84 Radionuclides are incorporated into microorganisms or

sorbed on their surfaces. Waste dissolution is
accelerated. The nuclides taken up by microorganisms
are unaffected by chemical sorpticn or matrix
diffusion. .

The sequences associated with microbial activity discussed by Ross
(1987) and the pages in his report giving the reasons for exclusion are
microbial deterioration of concrete or bentonite (p. 82); transport of
radicactivity by motile microorganisms (p. 82); and micrebial alteration of
ground-water chemistry (p. 83).

Ross (1987) also dismissed, or chose not to identify, any sequences
associated with certain events, processes, and features in the IAEA list
(IAEA, 1983a); a summary of these dismissed events, processes, and features i
given in the following table, along with the page numbers of his report whare
the reasons for dismissing each item are given,

Event, process, v : , -
or feature - Sequence description and Ross text page
Hydrology change Change in hydrologic system not caused by some \)

~ other event or process (p. 20)

Sea-level change Change of base level due to flooding of Death
' Valley caused by seal level change (p. 20).

Denudation Lowering of the land surface to tha level of the
: repository by denudation (p. 21).

- Denudation that exposes the present water table
within the ground-water basin (p. 22).

Change in unsaturated-zcne flow, due to removal
of the Paintbrush nonwelded unit above the .
repository by denudation (p. 22).

Glacial erosicn . Glaciation (p. 24).

Sedimentation Sedimentation that affécts the ‘repos:ltory (p.
2.

Diagenesis Sedimentary diagenesis (p. 28).

Diapirism No salt -~r snale formation (p. 28).

Dissolution Not a ccrcern at Yucca Mountain (p. 33).
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Event, process,
or feature

Brine pockets
Orqgeny

Epeirogenic uplift
and subsidence

Isostatic uplift
and subsidence

Undetected breccia
pipes

Undetected lava
tubes

Undetected gas or
‘brine pockets

Magmatic intrusion

Meteorite'impact
Shaft-seal
failure

Failure of
axploration-
borehole seals

YMP/CM=(G01Z, Rev.

Sequence description and Ross
text page (continued)

Not a concern at Yucca Mountain (p. 33).

Cessation or reversal of current Great Basin
orogeny (p. 33).

. Epeirogenic uplift (p. 34).

Epeirogenic subsidence of repository toward
water table (p. 34).

No Pleistocene glaciation at Yucca Mountain
(p. 34).

Not a concern at Yucca Mountain (p. 38).

Existence ofvléva tubes unlikely at Yucca
Mountain (p. 38).

Not a concern at Yucca Mountain (p. 39).

Granitic intrusion (p. 39).

Intrusion of large bodies of basaltic magma
(p. 39).

Container failure caused by intrusion of dikes
or sills (p. 39).

Intrusion of magma into repository drifts
{p. 40).

Indirect releases of radioactivity due to
~magmatic intrusion accompanying a volcanic
eruption (p. 40).

~ Magmatic intrusion below the repository (p. 40).
| ProbabilityAless than 1 {n 100 million (p. 42).

Not a concern in unsaturated zone (p. 43).

Not a concezn in unsaturated zone (p. 43).
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gEvent, process,
or feature

Chemical liquid
waste disposal

Archaeological
exhumation

War

Sabq;age

Wéste rééofery
Canister movement
Gas genefation
Radiolysis_

Decay-prodhct gas
generation

Nutleér'criticality

YMP/CM-0011, Rev. 1

~ Sequence description and Ross
text page (continued)

Deep-well injection of chemical wastes (p. 49). \\_)

‘Construction of surface impoundments for

chemical wastes (p. 50).

Not a proper concern of performance assessment
(p. 55).

Fracturing of rock by nuclear explosion in a war
(p. 57); exhumation of waste by nuclear
"explosion in a war (p. 57). -
Unlikely action at Yucca mountain (p. 57).

Not a proper concern of performance assessment
(p. 57).

Significant canister movement not expected

(. 68).

Not a concern in an unsaturated repository
(p' 75) .

Radiolytic pressure buildup (g. 79).

Not an independent failure mode for canisier
generation (p. 80). ' \J

-Criticality in a spent-fuel canister (p. 81).

Criticality due to precipitation of plutonium in
a zone of reducing conditions (p. 81).

Criticality due to accumulation of plutonium on
a sorbing zeolite seam (p. 81).

Finally, Ross (1987) did not explicitly consider disruptive sequences

that could involve the release and transport of gas-phase radicelements, such
as carbon-14 and iodine, to the accessible environment. '

Scenario.classes defined in the Ross study

The in-text tables that compose most of the preceding subsection on the
Ross study list the 25 agents identified in the Ross study. These agents
include eleven natural processes, cre anthropogenic process (climate
control), three natural events (flooding, faulting, and extrusive magmatic
activity), five anthropogenic events, and five undetected features. An
estimate can be made of the number of independent, mutually exclusive
scenario classes contained in the Ress study. (The reader may wish to review
Part 1 (methods of constructing a CCCF), for the rationale of these

8.3.5.13-44 :



YMP . CM-0G1l, Rev. - TMP/CH-5311, Iev. .

estimates. The eight events and five undetected features are assumed to be
mutually statistically independent entities; that is, information about the
occurrence of one such entity gives no information about the future
occurrence of any of the others. All hypothetical sequences are also assumed
to be somehow resolved, so that there are no two-state alternative models in
the picture. The number of independent, mutually exclusive scenario classes
is then ~ ' ; ’ .

28+5 = 213 - 8,921,

. This estimate illustrates why the DOE cannot give a detailed description
of all the independent, mutually exclusive scenario classes it will consider
within the confines of the present document. The estimate also demonstrates
the necessity for screening proposed events, processes, features, and alter-
native models against consequences, in order to reduce the number of scenario
classes that will ultimately be included in a licensing assessment. For each
event, feature, or two-state alternative model that can be eliminated by
screening (that is, by showing that inclusion of such an agent in the
analyses leads to insignificant changes in the CCDF). The number of scenario
classes can be reduced by one half. - ,

Favorable and potentially adverse conditions of 10 CFR 60.122

The siting criteria of 10 CFR 60.122 specify certain potentially adverse
conditions (PACs). The evaluation of the site with regard to these condi-
tions is taken up in the strategy to resolve Issue 1.8, which directly
addresses the siting criteria (Section 8.3.5.17). Because these conditions
may be important to waste isolation, they should be taken into account in the
strategy for the resolution of this issue in particular, in the development
of scenarios for the evaluation of release of radionuclides to the accessible
environment. o : ’ :

The set of PACs from the regulation is listed in Table 8.3.5.17-2, which
numbers them in the same order as 10 CFR 60.122. The 24 PACs listed in that
table do not necessarily define 24 disruptive scenarios. For example, the
set of PACs was developed on the basis of generic considerations, and a few
ao not apply to the Yucca Mountain site at all (e.g., PAC 10). Others may be
associated with the expected characteristics of the site (e.g., PAC 24) and
therefore need to be taken into account in the nominal, or expected-case,
scenario class. Others of these PACs, however, should be explicitly con-
sidered in developing the classes of disruptive scenarios for the analysis of
repository system performance. The association of each such PAC with one or
more scenario classes is explained in the next subsection. The approach used
in making this association was simply to compare each of the PACs with the
scenario classes developed for the potentially significant, site-specific
processes and events. This comparison led to an effort to ensure that each
PAC considered applicable to the Yucca Mountain site is addressed by the
nominal scenario class or by one or more of the disruptive scenario classes.
Further, each of the scenario classes was defined to clarify the association
with the relevant PACs. This association is explained in the next subsection
and is discussed in some detail in Section 8.3.5.17.
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Scenario classes to guide the site-characterization program

The specification of the information needs to resolve this issue is to
be framed in terms of a set of scenario classes chosen to address all the - -
processes and events considered potentially significant to release of radio-
nuclides to the accessible environment at the Yucca mountain site. This set
includes the nominal class and a sufficient number of additional classes to
address all the credible disruptions to this undisturbed class.

As the discussions in the previous subsections suggest, few scenarios
have been screened out at this time. In general, the scenarios eliminated by
Ross (1987) and those scenarios screened out as part of the DOE decision-
aiding methodology (1986a) are assumed to be inapplicable at Yucca Mountain.
Such scenarios would include events such as meteorite impact and tornadoes,
and processes such as sedimentation and glaciation. The scenarios specified
in the compilations of the previous subsections are considered by the DOE to
be adequate to-guide the testing program. - e o -

As explained previously in the discussion entitled "DOE approach to
constructing a CCDF, the nominal scenario class is defined by the conditions:
that the available evidence suggests are expected at the site. These con-
ditions are described in Section 8.3.5.8 and, more generally, in Section 8.0,
which discusses the top-level strategy for the site-characterization program.
The following three paragraphs are taken from Section 8.0 as a brief summary
of the scope of the nominal scenario class.

[ . . . .

The currently available information suggests that small amounts of water
are available to percolate slowly downward through Yucca mountain. If the
Yucca Mountain site is developed for a repository, water that moves through
the unsaturated rock above the repository could continue down to the
unsaturated rock unit in which underground repository would be constructed.
If any of this water could reach penetrate the engineered barrier system and
the emplaced waste, it might dissolve radionuclides and carry them in
solution through the unsaturated rock below the repository to the saturated
rock deep beneath the site. After reaching saturated rock, the water joins
the much larger, horizontal flow there; therefore, radionuclides that are
carried by the water could be transported by the flow in the saturated zone
and move toward the accessible enviromment. - '

This sequence of events--downward water movement, water penetration into
the engineered-barrier system, and downward transport of radionuclides to
saturated rock, and horizontal transport to the accessible environment
--defines the expected mode of release in the nominal scenario. According to
the available evidence, the percolation flux at and below the repository
horizon is very low. Furthermora, it appears that the percolation of water
through the unsaturated rock units at this depth is primarily in the rock
matrix rather than through fractures. If the water is held tightly within
the rock, as it appears to be, it would not be excepted to move from the rock
across the air gap to the waste container; the water would therefore not be
expected to reach the waste. Furthermore, the results of preliminary studies
suggest that the quantity of moving water is so small that any corrosion of
the disposal container and the dissolution of radionuclides would be very
limited even if the water could cross the air gap. The evidence also
suggests that the movement of water in the rock matrix is very slow, and,
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therefore, the transport of any radionuclides dissolved in this water A
downward through the unsaturated rocks below the repository would be very.
slow. An additional characteristic of the unsaturated rock is the
geochemistry of the water in the rock, which will determine the radionuclide
dissolution and the retardation of radionuclide transport.

One further sequence of events might contribute to a release under the
conditions expected at Yucca Mountain and is also included in the nominal
case. If the waste containers are breached, the radionuclides that exist in
the waste in gaseous form might move upward through the air spaces in the
unsaturated rock above the repository. They might then reach the accessible
environment at the ground surface above the repository. The available infor-
mation is not complete enough to decide definitively whether this sequence is
capable of producing significant releases. It is not clear, for example,
that the waste form can release gaseous radionuclides rapidly enough or in
sufficient quantltles for the release to be important. Nevertheless, in this
scenario class it is assumed that this mode could also contribute to release
to the accessible env1tonment.

The effects of :epository construction and the heat generated by the
emplaced waste must be fully taken into account in the nominal scenario
class. These effects include changes in the hydrologic properties and in the
fluid conditions in the vicinity of the waste packages; they include the
effects of temperature increases and thermomechanical stresses on the waste
packages themselves. The testin? program must provide the information to -
evaluate these and other effects for the nominal scenario class.

- There are clearly large uncertainties in the specification of the
nominal scenario class, and the information needs for this issue will have to
address the full range of these uncertainties. The investigations of the
hydrogeologic, geochemical, and rock characteristics that fully specify this
scenario must take into account the full range of tectonic and climatic
conditions that are expected at the site. 1In addition, any expected changes
in these conditions that are not sufficient to change the general description
that has been given would be taken into account in the nominal class.
Therefore, the nominal class can include a wide range of expected tecton‘c
and seismic actlvxty and climatxc conditions.

Extreme condxtions outside the ranges conszdered for the nominal class,
that is, those that may be possible but have very low probability of occur-
rence at the site, are considered in the category of disturbed conditions.
For example, extreme values of the percolation flux that are sufficiently
credible to warrant consideration, but that are not, in fact, expected at the
site would be included in this category. The category of disturbed condi-
tions also includes those that would result from disruptive processes or
events. For example, tectonic activity that could significantly change
ground-water flow conditions would be taken into account in the category oI
disturbed conditions. ' Any volcanic activity or extreme climatic changes
would also te inciuded in the category of disturbances to the nominal -~ise,

as would -redible human activities that could interfere with expected
reposit¢.. system performance.

:uptzve scenario classes. The three scenario- screeninq compilations
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.described above identify a number of disruptive scenarios and provide the
basis for selecting the scenario classes used to develop the information
needs for this performance issue. The disruptive scenario classes that are
used to guide testing and the correlation of these scenario classes with the
scenarios of the three compilations are presented in Table 8.3.5.13-2. This
table show that this set of scenario classes is strongly correlated with the
set of scenarios of the Ross report. Thus, the issue resolution strategy is
in general agreement with the screening and conclusions of this study.

The list of candidate scenario classes in Table 8.3.5.13-2, however,
differs from the set of scenarios from the Ross study in two ways. First,
several of the scenarios described by Ross are enveloped by the nominal
scenario class in this issue-resolution strategy; they do not appear in the
table. For example, the particular floocding scenarios (scenarios 9, 10, and
11) and geochemical-change scenarios (scenarios 17 and 18) considered by Ross
lead to hydrogeologic and geochemical conditions that are taken into account
in the nominal class. That is, investigations of the range of hydrogeologic
and geochemical characteristics by the site characterization program should
be adequate for understanding the effects described in those scenarios.

All the Ross scenarios associated with undetected features (scenarios
19 through 23, 38, and 39) have also been included in the nominal scenario
‘class. At this stage of the site characterization program, it seems '
appropriate to plan to detect such features and to investigate the full range
of conditions associated with heterogeneity at the site. Note that the
categorization of scenarios as nominal or disruptive is merely a matter of
convenience since the scenarios will be investigated in either instance. It
may be determined that for licensing it would be coavenient to categorize
scenarios that involve undetected features separately from the nominal class.
But for the sake of developing the strategy to test for the features of the
site, this separation is not important. - . ' ‘

Finally, those Ross scenarios associated with the full ranges of
conditions to which the waste package is subjected (for example, the full
~ range of temperatures expected from the heat generated by the waste and the
full range of local fluid and chemical conditions expected near the waste
packages) are all included in the nominal class. In the Ross study,
scenarios 25 through 30 and 53 through 84 were developed to ensure that such
conditions would receive explicit consideration. All these conditions will
be evaluated in the waste-package program (Section 8.3.4) and are included
here as part of the nominal class. , : :

The second difference between the scenario classes of Table 8.3.5.13-2
and those of the Ross study is the addition of several scenario classes.
They have been added to the set as part of the development of the SCP and the
ongoing evaluations of alternative conceptual models. The scenario classes
that have been added are briefly described in the following in-text tables in
the format used to describe the scenarios of the Ross study in a previous
subsection. : : o

The sequences aésociated with surface flooding or impoundments are given
in the following table.
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Table 8.3.5.13-2. Disruptive scenario classes for the site characterization program (page 1 of 2)

: Scenario cgggllatloﬁ ﬂ
Scenario Number of Decision- Potentially ___Barriera affected Scenario

initiating scenario aiding Roas adverse Release Seal Haste Unsaturated Saturated claas

< 5gg

6b-€

event or process class methodology® study® conditions® modeld system package zone zone category®

Extreme climate

change 1 1 5,23 1 X R c-1

2 2 5,22 1 X Cc-2

3 k) 5 1 X D-1

4 4 5,22 I X X c-2,0~1

) S ] 1 X X . c-3

L 6 S 1  { X c-)

Stream erosion ? 7 .. 5,16 R X D-2

L) 8 5,16 1 X X c-1

Faulting and 9 6,8 12 5,23 ‘1 X X c-1

selsmicity 10 5,7 1) 5,23 { X X c-1

12 9 15 4,5,11,12 1 X X C-2

13 9 16 4,5,7,8, 1 X B X c-2,C-)

22 ,

14 S,? 89 4,5,7,8, 1 X X c-2,0-2

22 1 X X c-1

Intrusive 15 11 90 s 1 X X c-1

magmatic 16 11 9 5 | X X c-3

activity 17 . 11 92 5,7 .1 X X . c-3

N 18 11 2 5

gxtrusive 19 10 24 15 4] A=l
magmatic
activity

Irrigation 20 k] 2,5 I X X c-1

Intentional 21 32 2,5 1 X X c-1

ground-water 22 3 2,5  { X 4 c-1

withdrawal 23 34 2,5,22 ¢ X X c-2,p-1

24 B 2,5 ¢ X D-2

25 36 2,5 I X D-1

26 » 2,5 | § X n-1

*AdY ‘TI00-WS/dNX

-
.

00-HO/ K -

T X J
..

*ABY

-
1
.
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Table 8.3.5.13-2,

Disruptive scenario classes for the site characterization program (page 2 of 2)

Scenacio compilation

Scenario Nusber of Decision- Potentially » Barriers affected Scenario

initiating scenario alding Ross adverse Release Seal Waste Uasatuzated Saturated class
evant or process class methodology® study® conditions® wmodeld system package 0ne zone category*®

Exploratory 27 13 40 2,17 [ A-2

dridling 28 41 2,517 1 X b ¢ c-1,C-)

29 42 2,5,17 1 X X c-1,c-3

30 43 2,511 1 b 4 X c-3

Rasoulce mining K} 44 2,17 D A-2

32 45 2,517 I X X c-1

33 “ i 2) s' l’ 1 X X C-I,C°3

k1 47 2,5,17 ) § X X c-3

Climate control 35 49 2,5  § X X c-1

k13 49 2,5,22 1 X c-2

Nn S0 2,9,22 I X C-2

38 S1 2,5 1 X D-1

Surface flooding 40 1,85 3,5 1 X X X c-1

or impoundasats 41 1,86 3,5 1 X X X c-1

Regional changas 4“4 , 93 S,11,22 1 X c-2

in tectonic 45 94 4,5,11,22 ¢ X X Cc-2,b-1,0-2

regine : .

Folding, uplift, 46 95 5,11 I X b ¢ c-1

. and subsidence 47 9% 5,11 1 X X c-1

48 97 5,11,22 1 X c-2

449 94 S, 11 1 X X c-1

SThese numbers represent the potential significant scenarios as listed in Table 3-2 of DOE (1986a).
b (Ssquence aumbers from Ross (1987), supplemented by the scenarios (numbecs 83 through 99) coastructed during SCP dsvolop-
mant and the evaluations of alternative conceptual wmodels.
9These numbers represent the potentially adverse conditions as listed in 10 CFR 60.122 that are associated with one or
wmore scenario classes (see discussion in the text).

4] =« indirect; D = direct.

®Scenario class categories are defined in Table 0.3.5.1°

C
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Sequence
number

85

86

87

.l IMP/CM=03LL, Zev.

- Sequence for surface flooding or impoundments

Flooding occurs in Drill Hole Wash, and percolation flux
is substantially increased below the wash. Some water
seeps to sealed shafts and boreholes where there are
unexpectedly large flows down through seal material or
down through the disturbed rock around these seals.

Faulting at the surface leads to a scarp that produces
. an impoundment during a period of high precipitation.
Percolation flux is substantially increased beneath
this impoundment. Some water seeps to sealed shafts
... and boreholes where there are unexceptedly large flows
.- down through seal materials or down through the
disturbed rock around the seals.

-Volcanic activity in the vicinity of the site leads to
damming that produces a large surface-water
impoundment. Percolation flux is substantially
increased beneath this impoundment. Some water seeps
to sealed shafts and boreholes where there are
unexpectedly large flows down through seal materials
or down through the disturbed rock around the seals.

A large surface-water impoundment is constructed near
the site.. Percolation flux is substantially increased
beneath this impoundment. Some water seeps to sealed
shafts and boreholes where there are unexpectedly
large flows down through the seal material or down

‘ through the disturbed rock around the seals.

The sequence associated with faultlng and seismlcity is given in the

followlng table:

Sequence
number

-89

The sequences
following table:

Sequence for faulting and seismicity

Fault creep 1ncudes minor restructurlng of the in situ
strain-energy field. This change causes short-term
stress-lnduced fluctuations in the level of the water
table.

associated with magmatic intrusion are given in the
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Sequence :
number - Sequence for magmatic intrusion
90 . Igneous activity leads to a sill that extends over a
oo portion of the underground facility. Water perco-
lating down is diverted at the top surface of the
relatively impermeable sill; local percolation flux
- near the sill is therefore much higher than average
flux expected at the site. :
91 - Igneous intrusion near the underground facility causes
~ extreme changes to rock hydrologic properties.
92 VIgneous‘intrusion near the underground facility causes
‘ extreme changes in rock geochemical properties.
93 Igneous intrusion causes a barrier to flow or

drastically alters thermal conditions, causing the
" water table to rise. ‘

The sequences associated with regional changes in the tectonic regime
are given in the following table: ‘

Sequence : - '
number Regional changes in the tectonic regime
T The current tectonic environment at the site is
- extensional. Fault movement relieves the stresses,
‘causing the fractures in the system to decrease in
aperture. The water from the saturated-zone fractures
is driven up into the unsaturated-zone fractures,
raising the water table.
95 The in situ heat flow at the site changes with time

because of large-scale changes in the tectonic
environment. The modifications in the temperature
gradients at the site lead to convective flow in the
saturated zone and modifications to the elevation of
the water table.

‘ 'The Sequences associated with folding, uplift, and subsidence are given
in the following table:

Sequence o - S .
number Sequence for folding, uplift, and subsidence
96 Tectonic folding changes the dip of the tuff beds at the

site, thereby changing the local percolation flux to
values not currently observed.
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Sequence » : . '
number Sequence for folding, uplift, and subsidence (continued)
97 Uplift or subsidence changes the drainage at the site,
thereby changing the local percolatxon flux to values
not currently observed.
- 98 ~ Folding, Uplift, or subsidence lowers~the,undergtound
~ facility with respect to the water table.
99 Subsidence of the mined underground facility creates

impoundments or diverts drainage, thereby increasing
_ .the local percolatxon flux to values not curtently
" observed.

Some of the scenario classes result in direct discharge of radionuclides
to the surface. Others result in indirect releases; that is they produce
movement of radionuclides through the barriers of the repository system to
the accessible environment. The table labels the scenario classes according
to these modes of release. : - :

Because site investigations will address the scenario classes in Table
8.3.5.13-2, they will produce information needed to determine probabilities .
of occurrence. However, in order to develop the CCDF, information will also
be needed to evaluate releases of radionuclides, and it is convenient to
organize these scenarios according to their effects on waste isolation in
order to guide the testing program to obtain this information, Table
8.3.5.13-2 also indicates the barriers of the repository system that are
important to waste isolation and can be significantly affected in each
scenario class. These barriers are (1) the engineered barrier system,

(2) the unsaturated zone, and (3) the saturated zone.

The engineered barriers include the waste container, the waste form for
spent fuel, and the spent-fuel cladding. These components would provide
barriers to the release of radionuclides to the host rock under the
conditions expected at the site.

The unsaturated zone includes the Topopah Sprzng host rock, the Calico
Hills unit in the unsaturated zone, and other unsaturated units that underlie
the underground facility. These units are expected to provide barriers to
radionuclide migration down to the water table. In addition, the unsaturated
units that overlie the underground facility are expected to limit release of
gaseous radlonuclides to the surface. '

The saturated zone includes all rock ﬁnits beneath the water table.
These units will serve as barriers to the transport of radionuclides that
reach the water table. .

It is convenient to organize the scenario classes according to the
barriers that, in prxnczple, would be significantly affected by them. To do
this, a reference scenario class is defined. Ideally, this scenario would be
£:r the evpected, .rdx5°"::ed conditions at the site. Because there is
supstantial uncertainty ia the expected condition in many respects at
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present, this scenario class is simply denoted as the nominal scenario class
discussed earlier in this section. o - :

Then, scenario categories are defined in which the barriers important to
waste  isolation are significantly disturbed from the conditions defined in
the nominal scenario. These scenario categories are shown in Table
8.3.5.13-3. The first category (a) is for the direct-release scenarios. Two
direct-release scenario classes were identified as one listed explicitly in
the table. T o o

Category B is for scenario classes in which only the engineered barriers
are affected.. The classes in this category that are considered relevant to
the system performance objective are judged to occur concurrently with the
scenarios in categories C or D or to be part of the uncertainty associated
with nominal performance of engineered barrier system components (i.e.,
container and cladding degradation rates or waste-form dissolution rates and
solubilities under various likely conditions). . Thus, no independent,
potentially significant scenario classes associated with category B appear in
Tidle 8.3.5.13-3, : : '

Category C is for the scenario classes in which major aspects of the
unsaturated zone are disturbed. In these classes, the engineered barriers
may also be affected. These scenario classes appear to be of three types:
(1) ones in which the total or local percolation flux through the repository
is increased, owing to the appearance of sources above the repository (e.q.,
those involving climatic change or local flooding from surficial sources);
(2) ones in which the thickness of the unsaturated zone is decreased, for
example, by a rise in the water-table level under the site; and (3) ones in
which there are adverse changes in unsaturated-zone rock hydrologic
properties or the geochemistry of the unsaturated zone. ' The logic of this
organization follows from the fact that tha appearance of any one of the.
changes (increased flux, decreased unsaturated-zone thickness, decreased
saturated matrix conductivity, or decreased geochemical retardation
properties) could lead to an increase in the rate at which dissolved
radionuclide-bearing compounds ara transported from the repository to the
water table. Depending upon the events and processes associated with thesa .
changes, each change could appear singly or in combination, i.e., correlated
with any or all of the other changes.

Category D is for scemarios in which the saturated zone is affected.
The unsaturated zone and the engineered barriers could also be affected. o
Scenario classes in category D may be organized in a fashion similar to that
of category C, but because saturated flow is not dominated by vertical flow
like unsaturated-zone flow, the change "increased flux through the saturated
zone” would be connected either with rises in the water-table level
{considered in C-2) or increased linear water velocity (considered in D-2).

For completeness, the nominal scenario class is also included as
lategory E.

- The categories in Table 8.3.5.13-3 serve as the basis for the
information needs for this issue. ‘That is scenarios within a category are
lefired by the category of crocess cr swvenr “hat initiate the scenario and by
ihe potential effects associaced with tze category; these factors define the
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Table 8.3.5.13-3.. Categories of scenarios delineated according to potential
: impacts on barriers of the geologic repository (scenario
classes) ' ' .

Disturbed performance of barriers.
(A)‘:Direét Releases:
1) direct release in an extrusive magmatic event;
2) direct release associated with human intrusion
(B) Partial failure of engineered barriers® |
(C) Partial failure of unsaturated zone barriers:

1) accelerated releases to the water table attending increased flux
from sources above the repository;

' 2) accelerated releases to the water table attending a rise in the
water table (foreshortening of unsaturated»gone):

3) accelerated releases to the water table attending changes in
unsaturated zone rock-hydrologic properties or geochemical
properties. ,

(D) Partial failure of saturated zone barriers:

1) accelerated releases to the accessible environment owing to
appearance of discharge points within 5 km downgradient of
controlled area (foreshortening of the saturated zone flow °
path), or changes in flow direction in saturated zone.

2) accelerated releases td’the‘accessible environment owing to
increased linear water velocity in the saturated zZones, changed
rock-hydrologic properties, or changed geochemical properties.

Undisturbed and nominal performance of all barriers.
(E) 'UndistUtbed.performance of all natural bétriérs:

(matrix flow predominates in unsaturated zone barriers, some
- carbon-14 released in gas phase)

2No independent, pdtentially s;;nifiéant classés have been associated
with this category. .
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parameters needed to aevaluate and take that scenario class ianto account in

the assessment. For example, a scenario class associated with increased flux

in the unsaturated zocne (category C-1) may be initiated by climate change.

Parameters associated with the effect of the climate change on the flux in

the unsaturated zona can be developed to addraess this scenario class. \“’

3. Models for esvaluating radionuclide releases in the scenario classes

To perform the preliminary allocations that guide testing for each
scenario class, models for the variocus release and transport mechanisms must
be defined. The modals for the release from the engineered barrier system
are discussed in Chapter 7 of this SCP. 1In the following, models for
transport of radionuclides by water, for transport of gases and for direct
release are discussed in order to identify the parameters to be evaluated in
the testing progranm.

Models for water-pathway releases

A representation of the present hydrologic setting at Yucca Mountain is
shown in Figure 8.3.5.13-5, which alsc shows the abbreviations used for the
hydrogeologic units. The proposed location of the repository is in the
Topopah Spring welded unit (TSw). The TSw unit includes the TSwl and TSw2
units shown on Figure 8.3.5.13-5. Conceptual models of present hydrologic
conditions are described in Chapter 3 and Section 8.3.5.12 of this document.
Briefly, it is believed that, within each unsaturated-zone rock unit, water
flows downward and mainly in the matrices of the rock units, with spatially
averaged percclation flux not exceeding 0.5 mm/yr. Some lateral diversion of -~
flux may occur at the interfaces between distinct hydrolegic rock units
(e.g., the interface between units TSw2 and CHnv and CHnz below tha repos-
itory, and the interface between units PTn and TSwl above the repository). ‘\_)
This diverted water may be directed down dip along the interface (as matrix
flow, given the present recharge ratas) to the water table or to downward
drainage points in the highly faulted zone southeast from the edge of the
emplacement zone. Water reaching the water table will then flow in a lateral
direction to the accessible environment bounda:y to the southeast of the
controlled area.

Those radionuclide-bearing compounds that might be raleased in tha
liquid phase as water percolatas through the host rock (TSw2) could bas trans-
portad along these water pathways, and may eventually reach the accessibla
environment boundary. The subsurface portion of this boundary may be
imagined as a vertical, curved sheet that is everywhere located up to 5 km
from the edge of the waste emplacement. The amount of radicactivity released
to tha accessible enviromment, exprassed in curies, in a 10,000-yr peried, in

the form of the * radionuclide, for the j;* scenario class involving water N
pathways, is calculated by the follcwing expression:
uooon[ e
Q.,:a.-/ //IF' F‘)odA] (8.3.5.13-10)
[ ]

€ *q- ‘
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Fj =
t =
i =
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radionuclide releasae (Ci)
specific activity of the radionuclide (Ci/kg)

local mass flux of the i** radionuclide in the ﬁatrix of the
saturated zone (kg/m?[rock}yr) . :

local mass flux of the " radionuclide in the fracture system
of the saturated zone (kg/m?[rock)yr)

time (yr)

an‘outwardly directed area element on the accessible environment

boundary.

Note the j -dependence of Quantiﬁies on the right of Equatiocn 8.3.5.13-10 has
been suppressed for simplicity. Each mass flux is assumed to bs the sum of
an advective flux and a dispersive-diffusive flux:

where

Ch =
C'} =
9.1- »
9 =
’ﬂ - -
” =

—

D, =
ﬁ' =

74 = Chudm - 0m Dy o VCY,  (8.3.5.13-11a)
Fi = Cyiy -0 D, o C; - (8.3.5.13-113)

mass concentration of the * radiocnuclide-bearing chemical
species in matrix pore water (kg/m3[water))

mass concentration of the ** radionuclide-bearing chemical
spacies in fractuzs pors water (kg/m3[water])

specific discharge through the matrix system
(m3 (water] /m? (rock)yr)

specific discharge through the fracture system
(m3 {water) /m2 {rock]yr)

mobile moistura content in the matrix system
(m? [water) /m3 {zock])

mebile moisture content in the fracture system
(m3 [water)/m? [rock]))

effective dispersive-diffusive tensor in the matrix system
(m2 [zock] /yz)

effective dispersive-diffusive tensor in the fractura system
(m?[:ock)ly:).
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The dispersive-diffusive tensors are the sums of two tensors, one describing
molecular diffusion and the other describing hydrodynamic dispersion {Freeze
and Cherry, 1979). Note that, in the following development, the contribution
of the longxtudlnal component of molecular diffusion to the dispersive-
diffusive fluxes is ignored because the Peclet numbers for the flows that are
likely to result in significant releases of radiocactivity are about 10 or
greater. Furthermore, the dispersive component of mass flux is implicitly
included in the specific discharges (d= and q,) by assuming the latter are
random fields (Sinnock et al., 1386).

To calculate the mass fluxes (F7 and Fj) one must first solve partial
differential equations expressing the transport of dissolved mass from the
vicinity of the repository to the accessible environment boundary. A
solution of the transport problem gives the mass concentrations (Cj and C})
as functions of time and space, and requires the specific discharges (¢ and
§7) and the moisture contents (6, and ;) as input quantities from a separate
calculation of the flow fields in the medium. The mathematical models of
flow that have so far been used to predict the hydrologic regime at Yucca
Mountain are not reviewed here; Section 8.3.5.12 and Klavetter and Peters
(1986) describe the development of a Richards’ equation that incorporates
composite-porosity concepts for flow through fractured, porous rock. The
following partial differential equations for the transport of dissolved mass
are consistent with the flow model of Klavetter and Peters and are adopted
from Wilson and Dudley (1987): ‘

8Ch _ = ven _ -1 [ B -
DRV (E)C"‘ - :z A - MGy -Ch) (8.3.5.13-120)
80‘ < . - R'-l B
T’:-—l eTC} - 2'Cy -2 '(-R%-) 7 - OR,A,(C} -C) (8.3.5.13-12E)
where

A, = decay rate of the # nuclide species (yr-?)

Ji. = effective transport velocity for the i species in the matrix
system (defined below) (m{rock]/yr)

V; = effective transport velocity for the i species in the fracture
: system (defined below) (m(rock}/yr) . :

Ry, = adsorptive retardation factor for the i** species in the matrix
system- (defined below)

R, = adsorptive retardation factor for the i species in the
fracture system (defined below) :

Ay = advective coupling constant (m®{water)/m3({rock]yr)

Ay = diffusive coupling constant (m?([vater]/m?[rock]yr).
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The numbering of nuclides is such that nuclide i-l decays into nuclide i.

The nuclide at the beginning of the chain, nuclide 1, would not have a
paxent, $0 ) has a value of zero by det:n;txon.

V% and l", the affective transport velocztzes for tha speczes, are

defined by o N
‘é—q-’._‘ ‘ -
Vi = e , . (8.3.5.13-132a)
Mo L o © (8.3.5.13-
Gemm (8.3.5.13-138)

R, and R}, the adsorptive reta:dation factors for the rad:onuclxde
spec;as, are dafined by :

. - ‘ . . T -
Ry=1-2% : (8.3.5.13-14a)
. m ‘ s
KRS ' |
Ry=1-0s5t - (8.3.5.13-143)
where ' ‘ .
X, = distribution coefficient of the i species (m?[water)/kg) -

m = Dbulk deansity of rock (kg/m3[rock])
oy = fracture surface area per unit volume of rock (m-![rock]) K~4)

Ky = distribution ccefficient of the i radionuclide specias
exprassed on a per-unit-surface-area basis (m?(wataer)/m?({rock]).

~ Some typical values for X, and estimated values of R, for the various
radionuclidaes in spent fuel are shown in Table 8.3.5.13-4.. Because fracture
surface areas are usually much smaller than pore surface areas and bacause
chemical equ;lib:ium may not be reached in rapid fracture flows, tha adsorp-
tive retazdatiocn in fracturs flow R; can be regarded as.a number of the order

of unity (Sinnock et al., 1984b) (1 e., sorption in f:actures may be
ignored).

Equations 8.3.5.13-12A and 8.3.5.13-128 would be the standard traasport
equations (Freeze and Cherry, 1979), without dispersive-diffusive taerms,
except for the presence of the coupling terms proporticnal to C}-Cj, on
their right-hand sides. In particular, the reciprocal of the quantxty Ay is
a measure of the time required for the concentrations in the fracture pora
water (Cj) to come to equilibrium with its counterpart in the slowly moving

matrix po:a water (CT). Wilson and Dudley (1987) show that these coupling
constants have the forms
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Table 8.3.5.13-4. Typical distribution coefficients and approximate
retardation factors for welded and nonwelded Yucca
Mountain hydrogeologic units

Distribution f Retardation
coefficient, * X, factor, P R,
{ml/qg)

Element Welded Nonwelded Helded Nonwelded
Americium . 1,200 4,600 28,000 24,000
Carbon 0c 0c 1 1
Curium 1,200 4,600 28,000 24,000
Cesium \ 290 - 7,800 €,700 "~ 41,000
Iodine 0 0 1 1
Neptunium ST 11 160 S8
Protactinium 64 140 1,500 740
Lead sd 5d. - 120 C 27
Plutonium 64 140 1,500 . 740
Radium ' 25,000 25,000 580,000 , 130,000
Tin 1004 1004 2,300 530
Strontium 53 . 3,%00 1,200 , 21,000
‘Technetium . 0.3 s 8 1
Thorium 500¢ 5004 12,000 2,600
Uranium : 1.8 - 5.3 - 27 45
Zirconium - 5004 5004 12,000 2,600

30nless otherwise indicated, distribution coefficients were taken from
Table 6-25 (DOE, 1986b) or were inferred from the sorption ratios quoted by
Daniels et al. (1982).

-bCalculated using values of moisture content of 10 and 28 percent and
bulk densities of 2.33 and 1.48 g/cm® for welded and nonwelded tuff,

SNo data available; assumed to be tero.

dinferred from the midrange retardation factor for tufts in compilation
in Table 7-1 in National Research Council (1983).

*Barium used as a chemical analog.

§.3.5.13-61



YMP/CM=-0011, Rev. 1 MP/CM=-0012, Rev.

A= %""“% | (8.3.5.13-15) g
. 2’9"?'3} 7 , A -
Ay = _R‘..:;—_ | (8.3.5.13-16)

where‘
& = one-half of the mean spacing bgtweenrfractures {(m[zock))

|fin = absolute magnitude of the affective dispersive-diffusive tensor
‘ in the matrix (m?[rock]/yr).

Note that lateral diffusion is accounted for in theselcouplingbterms.

Several of the possible ¢a3es of transport of dissolved radionuclides
through Yucca Mountain rocks can be qualitatively analyzed by means of
Equations 8.3.5.13-12a, 8.3.5.13-12B, and 8.3.5.13-15:

1. Partially saturated flow. In this case, percolation flux does
not exceed the saturated matrix hydraulic conductivity so the flow
is predeminantly through the rock matrix, and only Equation
8.3.5.13-12A applies. This is beliaved to represent present hydro-
logic conditions at Yucca Mountain. Undazr these conditions, the
unsaturated-zone rocks act as barriers to the release of liquid=-
phase contaminants because water flows predominantly in ths rock
matrix, and matrix flow promotas rather long ground-wataer travel
times (GWIT) to the water table, as shown in Table 8.3.5.13-5. \_)
Retazdation of many elements is likely to be large under thase
circumstances (Table 8.3.5.13-4). o o

2. Fractura flow with weak coupling, In this case, the coupling con-
Stants are small compared with the reciprocal of typical transport
times in fracture flow (1.1} where L is the unit thickness), and
Equaticns 8.3.5.13-12A and 8.3.5.13-12B both apply. The radionu-
clide concentrations spread out through the matrix and fracture
Systems separately, with the fracture-system concentrations usually
"outracing® the matrix-system concentrations. This situvation could
arise in a discharge through a saturated structural feature
(Class C-3, Table 8.3.5.13-3).

3. Fracture flow with strong coupling. In this case, the coupling con-
stants are larger than or comparabla to the reciprocal of typical
transport times in fracture flow, and tha concentrations of radicnu-
clides in both systems ccme to equilibrium. Wilson and Dudley
(1987) show that in this casa a single transport equation for the
equilidbrium concentration applies, and that tha effective transport
velocity in the advective term of this equation aiter equilibrium
has been reached has the fzmm

"o q . 1=
Ml my pry (8.3.5.13-17)
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_Table 8.3.5.13-5,  Estimates® of ground-watet travel time, predom;nantly
L : matrxx flowb. e ,

Percentage of : -
total repository" ‘
area underlain . Mean Standard deviation -

Unit‘ o by the unit -{yr) (yr)
~ Topopah Spring velded unit 89 ,  4,800 1,900
Calico Hills vitric un:.t ey 11,000 7,800
Calico Eills zeolitized 95 -~ 14,000 §,100

unit . ) '
Prov Pass welded unit 3 - 3,900 . 1,700
Prow Pass unwelded unit €3 : 15,000 8,000
Bullfrog welded unit o - 26 6,800 ¢,100
Bullfrog nonwelded unit - | v“i.j 7.5 5,400 » 3,500
‘Estimated totald 43,000 13,000

SEstimates (rounded to 2 significant figures) are for the entire
unsaturated zone underlying the disturbed zone. Variability in unit
thickness is taken into account.

bpercolation flux = 0.5 mm/yr.

c©Source: Sinnock et al. (1986). ‘

dEstimated total is not a sum of the indlvxdual columns but represents
the quantities for total ground-water travel time through the entire
unsaturated zone. ‘ .

F

Since fa iz almost always much greater than 6,;, the effective transport

velocity is virtually the same as that for an equivalent porous medium with

- an effective porosity equal to f. and an adsorptive distribution coefficient
equal to KXi. Thus, models of equivalent=-porous-medium transport apply when
concentratfonal equilibrium is reached (or closely approached), and Equation
8.3.5.13-17 approximately applies. - Under these circumstances, for perco-
lation flux up to 5 mm/yr, transport times for nonsorbing species through a
50-m section of unsaturated-zone rock would equal or exceed 1,000 yr, and
transport times for so:bznq species would exceed 10,000 yr.

‘The thxrd case stated above is lxkely to apply to those water-pathway

scenario classes involving repository-wide failure of the unsaturated-zone
.barriers: i.e., classes C-1, C~2, and C-3 in Table 8.3.5.13-3. Of most
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interest, though, is whether it would apply in the saturated zone. Because

- the rocks in the saturated zone are known to be highly fractured and it is
known that flow through fractures may be orders of magnitude faster than
matrix flow, it has previously been assumed that the saturated zone would not
be an effective barrier against releases. In Table 6-19 of tha EA (DOE,
1386d), the ground-watar travel time along a 5-km path to the accessible
environment boundary is estimated to be approximately 170 yr, which is brief
compared with the times shown in Table 8.3.5.13-5; the effactive porosity
used in these estimates was 0.0001, a value of fracture porosity attributed
to Sinnock et al. (1984b). But if equivalent-porous-medium transport models
are applicable to the saturated zone, the transport times for nonsorbing
species would be larger than 170 yr by a factor of 100 to 400 (the estimated
ratio of matrix porosity to fracture porosity) (i.e., 17,000 to 68,000 yz)
and once coupled, sorbing species would be practically immobile in the
saturated zone. Thus, whether the saturated zone is an effective barrier
against releases to the accessibls environment depends on whether equivalent-
porous-medium modals apply there (i.e., whether advactive-dispersiva coupling
can be achiaved along thae flow paths between the repository area and the
accessible environment boundary). : :

Accozding to the Wilson-Dudley model, the saturated zone may provide a
good barzier to transport of nonsorbing and some weakly sorbing specias, but
would not reduce by much the releases of strongly sorbing species which,
nevertheless, could be strongly ratarded in the unsaturated zona. To see
this, note that according to Equations 8.3.5.13-128 and 8.3.5.13<16, an
estimates of the time constant governing establishment of concentrational
equilibrium between fracture and matrix flows is

Ri.a?

e 3 —
28|

(8.3.5.13-18)

Assume that the parameters in this expression take the following values in
the saturated zone: fracture spacing (2a) equal to 30 cm (CHnv + CHng from
Table 1 of Klavetter and Peters, 13986), an effective diffusivity (D) equal
to 1.0 x 102 m/yr and adsorptive retardation factors ( &%) equal to the
values given in Table 8.3.5.13-4 for nonwalded tuff. Then, using these
assumptions, the following are the time-constant (1,) estimates: (1) for
nonsorbing species, 0.23 yr; (2) for uranium, 10.4 yr; (3) for plutonium,
170 yz: and (4) for americium, 5,520 yr. In the Wilson-Dudley model (Wilson
and Dudley, 1987), the effect of weak coupling on concentrations of strongly
sorbing species in fracture flows is seen from Equations 8.3.5.13-12A and
8.3.5.13-128. Transport of these species is at the fracture-£flow valocity,
and weak coupling may at best only increase the effective decay rate for
concentrations of strongly sorbing species. Thus, using plutonium=-239 as an
example, one could assign an effective half-life of 0.633 times 170 yr (118
yr) instead of the usual 24,400-yr half-lifa against radicactive decay. In
the saturated zone, where water travel times in fracture flow are also about
170 yz, the effective "decay® of concentration would only reduce cumulative
discharge of plutonium=233 by a factor of about 1/e, or about 37 percent.

The Wilson-nudiey model (Wilson and Dudley, 1987) may prove to be overly
conservative in the sense that it overestimates the time required to couple
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mass concentrations in fracture flows with mass concentrations in matrix
flows, thereby leading to larger discharges of strongly sorbing species at
the accessible-environment boundary than would be predicted by equivalent-
porous-media transport calculations (i.e., calculations using a single mass
concentration that moves with the effective transport velocity in Equation
8.3.5.13-17). Other investigators (Rasmuson and Neretnieks, 1981; Sudicky
and Frind, 1982) seem to reach a different conclusion regarding the depen-
dence of the time constant (¢ ) governing coupling on the retardation factors
( R,). RAlthough it is difficult to see in their analysis, Rasmuson and
 Neretnieks (1981) appear to predict a time constant of the form

2
4
“_

T ———— (8.3.5.13-19)
151D,
where r is the radius of a matrix block (which is assumed to be spherical and
is the same order of magnitude as e« in the Wilson-Dudley model (Wilson and
Dudley, 1587. (see Equation 8.3.5.13-16). Similarly, the work of Sudicky and
- Frind (1982) suggests that the time constant should be

e?. A
'.4=——r . (8.3.5.13'20)
3Dy

where e is now one-half the uniform spacing between fractures, which are
assumed to be planar and parallel. Note that each of the last two forms of
‘time constant is independent of the retardation factor and, apart from
factors of 2 or 3, is of the same magnitude as the time constant for coupling
,nonsorbing species in the Wilson-Dudley model (Equation 8.3.5.13-18).

These different estimates of the time required to couple mass concentra-
tions in fracture and matrix flows illustrate the need for validated concep-
" tual and mathematical models of transport of solutes through the actual
(i.e., not idealized) fractured, welded and nonwelded tuffs of Yucca Moun-
tain. Investigations to produce such validated models are described in
~Chapter 4 and in Section 8.3.1.3 (geochemistry program). The Wilson-Dudley
- model (Wilson and Dudley, 1987) is undoubtedly conservative relative to the
‘models of Rasmuson and Neretnieks (1981) and Sudicky and Frind (1982); but it
is not clear that the first or the third of these models is conservative,
because each assumes that the permeabilities and constrictivity-tortuosity ®
factors of the surfaces separating fracture void space from matrix void space
are the same as the permeability and constrictivity-tortuosity factor of the
matrix. Rasmuson and Neretnieks (1981) do postulate an arbitrary mass-
transfer coefficient for the interface between matrix and fracture void
spaces, but they then assume it is the same as internal mass transfer
coefficients for their calculations. Such an assumption could be wrong if
relatively impermeable mineral coatings or mineral-grain occlusions occur
over a large fraction of the fracture surfaces. In such circumstances, the
effective area for entry into the matrix per unit volume of rock could be
reduced by several orders of magnitude, with the effect of reducing the
effective diffusivity in the fommulas for coupling time given above.

R systems-level mathematical model has been develbped for predicting
releases for those scenario classes involving releases along water pathways
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(e.g., classes in categoriaes E, .C, and D'in Tabla 8.3.5.13-3), Discu#sion of
this model serves several purposes in this section:

1. Illustrate the feasibiiity of and level-of-detail required
.for the "simplified™ models mentioned in the preceding section \_‘)
{Construction of a CCDF) as being necessary for a calculation of the
CCDF. : ‘

2. Show, in a way that may ba clearer than the preceding dis-
cussion of radionuclide transport theory, why certain data and
information concerning (a) hydrologic and geochemical properties of
Yucca Mountain rocks and (b) probabilities and intensities of events
gr processes initiating a scenario class are needed to resolve this
ssua. -

3. -Partially document the basis for the largely nonquantitative
reasoning so far used to make preliminary assessments of tha
relative magnitudes of the EPPMs for scenario classes involving
releases along water pathways.

This last purpose should be emphasized: The model to be presented hare
is preliminary and has at least three serious limitations (the assumpticns
(1) through (3) given in the next paragraph) that could lead to under-
estimates of the partial performance measure. These limitations will be
remedied by further model development and validation in the futuze. Most of
the detailed development of the following model can be found in Section 3.0
of Sinnock et al. (1986). -

Assume that (1) coupling between mass concentrations in matrix and
fracture flows is always strong enough to justify the assumption of
equivalent-porous-media transport in both the unsaturated and saturated \JJ
zones, (2) all radionuclides can be treated as single-member decay chains,
(3) the process of longitudinal molecular diffusion can be ignored, and
(4) mass release ratas from the engineered barrier system can be calculated
with the formulae given in Section 3.1.1 of Sinnock et al. (1986). Then,
making a slight extension of Equation 40 in Sinnock et al. (13986), one can

.3how that the partial performance measure for the j** Scenario class involv-
ing zaleases along the water pathway may, in most cases, be approximated by
- the following expression: : o

i -‘1.—"- At JAe, - glAer)r, | -
u,gmz‘:h et e 1 - e win) (3.3.5.13-21)
where
y = number of waste packages iavolved in the release scenario

Ny = total number of waste packages in the repository at closure

&~ = inventory of the * radionuclide species at time of closure
(Ci/MTHM)
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L; = release limit (per MTHM) for the i radidnuclide as specified in
proposed 10 CFR 60.115 and 40 CFR Part 191, Appendix A (Ci)

v, = fractional mass release rate of the " radionuclide species from
any one of the waste packages involved in the release scenario

(yz=1) ,
t = regulatorf period of performance (10,000 yr)
. Ay = decay constant for the i@ :adionuclide species (yr-1)
n = a time interval to be described below (yr)
s(z) = unit step function, (v(z) = 1 if £ >0, and u(z) = 0 if z <0).

Table 8.3.5.13-6 provides values for decay constants, radionuclide inven-
tories, release limits, and calculated values for the normalized inventory at
risk (ei/k) for the radionuclide species of concern. The following
discussion clarifies the meaning of these variables and the equation in
general. Note that the subscript j applies to certain variables appearing on
the right-hand side, but has been suppressed to simplify the expression. The
J=dependence of each variable is noted below.

With the exception of t, Ny, X\, and L;, all the variables appearing on
the right-hand side of Equation 8.3.5.13-21 may be regarded as random vari-
ables in the sense that uncertainties dictate that they be treated as distri-
buted quantities (examples are mentioned later). Thus, M; is also a random
variable whose statistical properties must usually be evaluated by simu-
lation. o

The number of waste packages involved in the release scenario (N)

depends on scenario class S, and on the nature and intensity of the process

or event that initiates a realization of the release scenario (e.g., the
number of packages intercepted by flow through a fault zone). In every case,
0 < N< Ng,

The fractional mass release rate (r,) applies only to release in a

liquid phase from bare waste form, and is estimated in Section 3.1.1 of
Sinnock et al. (1986) by ‘ .

.gizl'i‘&i . (8.3.5.13-22)

where

& = magnitude of specific discharge of water near a waste package
(m3/

w? yr)
A4 = effective watez;inte:cept area of a waste package (m?)

M,

mass of waste matrix per package (kg)

effective solubiiity limit (kg/m?®).

i
]
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Table 8.3.5.13-6. Reference inventory used in system-level wmodels (page 1 of 2)

Assumed inventory at

10 CFR 60.115b

C

Decay constan;i Normalized inventory
Nuclide A (yet) closure, a; (Ci/MTUM)® limit, L; (Ci/MTHM) at risk, oy/L;
Cm-246 1.26 x 10~¢ 3.5 x 1072 0.1 3.5 x 10-}
Ca-245 7.45 x 10-% /1.8 x 1071 0.1 1.8 x 10°
ha-243 8.72 x 10°% 1.4 x 10 0.1 1.4 x 102
Am-242 4.56 x 1073 1.0 x 10% 1.0 1.0 x 10!
Am-241 1.51 x 10-3 1.6 x 103 0.1 1.6 x 104
Pu-242 1.83 x 10°6 1.6 x 10° . 0.1 1.6 x 10}
Pu-240 1.05 x 10-4 4.5 x 10 0.1 4.5 x 10
Pu-239 2.84 x 10-5 2.9 x 102 0.1 2.9 x 103
Pu-238 8.06 x 10-3 2.0 x 109 0.1 2.0 x 104
Np-237 3.24 x 10°7 3.1 x 107} 0.1 3.1 x 10°
u-238 1.5¢ x 10-10 3.2 x 1072 0.1 3.2 x 10°
v-236 2.90 x 1078 2.2 x 10-3 0.1 2.2 x 109
u-235 9.76 x 10-10 1.6 x 10-2 0.1 1.6 x 10-1
v-234 2.61 x 10-¢ 7.4 x 102 0.1 7.4 x 10-}
v-233 4.28 x 10°¢ 3.8 x 10°% 0.1 3.8 x10°¢
Pa-231 2.13 x 10-5 5.3 x 10-6 0.1 5.3 x 10-3
Th-232 4.95 x 10-11 1.1 x 10-10 0.1 1.1 x 10°9
Th-230 8.66 x 10-¢ 4.1 x 10-¢ 0.1 4.1 x 10-%
Th-229 9.44 x 10-5 2.8 x 10-8 0.1 2.8 x 10-?
Ra-226 4.33 x 10-¢ 7.4 x 10-9 0.1 7.4 x 10-°
Pb-210 3.11 x 102 7.0 x 10-10 1.0 7.0 x 10-19
\

C
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Table 8.3.5.13-6. Reference inventory uaéd in aystem-level models (page 2 of 2)

_Decay constant

Assumed inventory at

10 CFR 60,115

Normalized inventory

Nuclide Ay lye™)) closure, a, (Ci/MTIM)* 1limit, L, {Ci/MTHM) _ at risk, a;/Ly
Cs-137 2.31 x 10-2 7.5 x 10 1.0 . 7.5 x 104
Cs-135 2.31 x 10°7 2.7 x 107} 1.0 2.7 x 10-?
1-129 4.36 x 10-° 3.3 x 10-2 1.0 3.3 x 10-2
Sn-126 © 6.93 x 10-6 1.8 x 10-! 1.0 1.8 x 10-?
Tc-99 3.22 x 10-¢ 1.3 x 10! 10.0 1.3 x 100
2c-93 0 7.29 % 1077 1.7 x 100 1.0 1.7 x 10°
Sr-90 2.39 x 10-2 5.2 x 104 1.0 5.2 x 104
Ni-59 . 8.66 x 10-5 3.0 x 1.0 1.0 - 3.0 x 10-2
c-14 1.21 x 10-¢ 1.5 x 10° 0.1 1.5 x 10!
suM = 1.7 x 103
aMTHM = metric tons of heavy metal.
brrom the proposed amendmenta to 10 CFR Part 60.

T
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S is expressed matnématicaily as
= min(S;, Sm)
where

5, = solubility limit for the chemical species carrying the it
radionuclide (kg/m3) '

Sm = solubility limit for the bulk waste form (kg/m?).

The fractional mass release rate ( ») depends on the scenario class
and the natuze and intensity of initiating avents or processes through its
dependence on ¢, and 3, (which are also dependent on the nature and intensity
of initiating events and processes). In future formulations of Equation
8.3.5.13-21, » may be replaced with empirically determined fractional
release rates as a function of tima and specific discharge (g¢,) near a waste
package. Determination of actual release rates from waste packages under
different repository hydrologic conditions is part of the invaestigations
associated with Issues 1.4 and 1.5.

The quantity = appearing in Equation 8.3.5.13-21 is defined by
nzt-max(Z,. T)~-T, - T}, , ‘ (8.3.5.13-23)

where ‘
t = regulatory period of pé:tomance (10,000 yz)

T, = waste package containment time (yr)

T, = total delay time (yz)

T, = the unsaturated zone transport time for the i radionuclide
specias (yr) ) .

T, = the saturated zone transport time for the radionuclide species

(yo). - ‘
The waste-package containment time (7,) is actually either the waste-package
containment time or the time during which waste packaga temperatura exceeds
95°C, whichever is greater. 7T, the total delay time, measured after closure
and before the cnset of a ralease, is defined by :
" TizTi+hY (8.3.5.13-24)

where

T. = waiting time, after closura, befora the first occurrence of an
initiating event or process that may lead to a release (yr)
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t, = time 1ntersa1 representing the delay between the occurrence of the
initiating event or process and the epoch when releases begin

{yz).

les of T, are (1) the epoch at which motion occurs along a fault zone

-that is sufficient to divert substantial amounts of downdip flow through the
repository (¢, would then be the delay between the event, "fault motion,® and
the event "flow in fault reaches the repository level®) and (2) the epoch at
which a large surface-water impoundment is formed near the controlled area
(¢, would then be the delay between the event, "formation of impoundment,*®

and the event "wetting front from impoundment reaches repository level®).
‘Thus, 7, and ¢, depend on the scenario class (j) and the nature and
1ntensxty of the 1n1tzat1ng events or processes :

. The unsaturated zone (UZ) transport time for the P‘ radionuclide
species (T!) is the time required for & molecule of & chemical species
carrying the radionuclide, which is released from the repository in the
liquid phase, to reach the water table. 1If it is assumed that coupling

between mass concentrations in matrix and fracture flows is strong in the UZ,
then the effective transport velocity is given by Equation €.3.5.13-17 and

4
&
j_v_,_;/_(o_.,a,.t,,.x;m | (8.3.5.13-25)

where
¢ = any point in that part of the repository affected by flows
. associated with the ;» scenario class and the event or process
1n1tiat1ng the flow e

y = a point on the water table connected to 2 by 2 flow pathway
through the UZ

ds - = an element of length along the pathway from z to y.
' The saturated zone (S2) transport time for the i radionuclide species

(T;) is defined in a manner similar to the UZ transport time., Again, if
- strong couplrng in the S2Z is assumed, then :

/ T f -(“- - 'h"t)" (8.3.5.13-26)

where
4 = specific discharge'io the saturated zone (m®/m? yr)
fAa = effective matrix porosity in the saturated zone

~ﬁ,- = effective fracture porosity in the saturated zone

£.3.5.13-711
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3 = a point on the accessible environment boundary connected to
(defined above) by a flow pathway through the saturated zona.

Finally, the quantity w(n) appearing in Equation 8.3.5.13-21 is the unit
step function: w(n) =1 if 7. >0, and u(n) = 0 if % < 0. Since this \)
- function appears as a multiplicative factor in each temm of the sum in Equa-
tion 8.3.5.13-21, then if any one of the Ts in Equation 8.3.5.13-23 exceeds
- 10,000 yr, or if the sum of the Ts exceeds 10,000 yr, that term will make no
contzibution to the sum in Equation 8.3.5.13-21.  Thus, the various Ts (Te»
T., 7, and T7,), are sensitive quantities in the determination of the magni-
~tude of the partial performance measure (3f,) and warrant special discussion.
It is appropriate to reiterate the claim made earlier that, with few excep-
tions, the variables in Equation 8.3.5.13-21 are distributed variables; it is
therefore appropriate to refer to the distribution of the 7's, rather than
specific values that the Ts may take. : '

The distribution of waste-package containment tima (7,) is not known.
Estimates in the Yucca Mountain site envircnmental assessment (DOE, 1936b)
suggest that 3,000 yr < T, < 30,000 yz, but no distribution was attached to
this range. Current studies proposed for determining the distribution of 7.
are outlined in Section 8.3.3.9. L

‘The waiting times after closure until first occurrenca of tha process or
event that initiates a release (7.) is distributed differently according to
the process or event and scenario class to which it pertains (in this nominal
case, 7, = 0). In most cases, and particularly for events, waiting times ara
assumed to be exponentially distzibuted with a given annual probability of
occurrence. For example, consider the scenario:'class C-1 (Table 8.3.5.13-3)
and the initiating event, "episodic offset on faults creates new pathways for
drainage of water through tha repository®; in this instance T, may be &_)
exponentially distributed with an annual probability less than 10°3/yr (an
expected racurrence time of 100,000 yr). S

If the waiting time to first occurrence of an aevent is exponentially
distributed with mean annual probability less tham 10-9/yr, then the proba-
bility that 7. is less than 10,000 yr would be less than one chance in ten
thousand. 1In other words, the avent would be expected to occur at most once
during a simulation of many tens of thousands of runs and, aven on occur-
reace, the consequences might ba zero if other time delays weze finite. To
make a significant contributicn to the CCDF, the consequences (the sample
value of V,) attending the occurrence of such a low-probability avent would
have to exceed 10,000, with little delay between the event and a release to
the accessible environment. Events or processes associated with releases
along water pathways fulfilling these conditions ara iaconceivable, although
some events attending direct releases (e.g., scenario class A-1) may come
near to fulfilling them. : : . R S

The time delay (f) between the occurzence of an initiating event or
process and the epoch when releases from the engineered barrier system
attending that event or process tegins may in certain contexts ba highly
sensitive in the determination of the magnitude of the partial performance
measure. Generally speaking, t, > 0 for those scenario classes involving
hydrolegic response to changed boundary conditions on the flous through
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either the UZ or SZ (scenario classes in categories C and D). Though few

~.calculations of the dynamic response of flows to changed boundary conditions

have yet been made, the preliminary studies that have been documented
indicate that t, for events affecting flows in the UZ tends to be long (1,000
to 10,000 yr), while ¢, for events affecting flows in the SZ tends to be
Telatively short (tens to hundreds of years). Current tools for investigat-
ing hydrodynamic response times are the hydrodynamics module of the Total
System Performance Assessment Code (TOSPAC) for the UZ (under development,
but refer to Peters et al. (1986) or Klavetter and Peters (1986) for the
physical basis of TOSPAC’s hydrodynamics), and the ISOQUAD code (Barr and
Miller, 1987) for the SZ. The calculation of ¢, for different scenario
classes and different initiating events or processes will in general require
the use of these or similar, phenomenological codes. In those cases where

- the calculation proves difficult or time consuming, ¢, may conservatively be

set to zero.

The transport times (7T and T}) are probably the most sensitive quan-
tities detemmining the performance measure, Equation 8.3.5.13-21. From
Equations 6.3.5.13-25 and 8.3.5.13-26, it is seen that the distributions of
T, and T apparently must be inferred by calculating the distributions of
space integrals whose arguments contain quantities that are themselves
distributed in space (e.g., the product mK; is expected to be spatially
distributed with different mean values, variances and autocovariances

pertaining to each rock unit). -Such a calculation would be time~-consuming in

8 systems-level model. However, considerable simplification is possible
using extensions of the analytic methods proposed in Appendix A of Sinnock et

-al, (1986). Sinnock et al. (1986) show that distributions of ground-water

travel time can be conservatively represented by a normal distribution, and

- analytic methods are developed therein for calculating the mean and variance

of the GWIT distributions: these analytic methods can be applied to the
calculation of the mean and variance Of the transport times (T and T7). For
example, the mean of the UZ transport times can be estimated by

1= Y la+ 0+ Bkl L  (8.3.5.13-27)
[ ]

where |

é. = mean mobile moisture content in the matrix system
(m3 [water]) /m3 [rock) :

§; = mean mobile moisture content in the fracture system
(m3 [vater]} /m3 [zock]

t = index labeling rock geohydrologic units in the ©UZ
below the repository horizon

i = thickness of the &% geohydrologic unit that intervenes between
the repository floor and the water table in the repository
area(m). ' T - :

A bar over a quéﬁtity denotes the mean value or spatial average for a
spatially varying quantity. ' : -
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Note that &y = 0 if a water-table rise completely submerges the s* unit.

Similarly, the mean of the SZ transport times can be @stimated by -
B LR VRNV /YRY WL ; (3.3.5.13-28)

where
Am = mean effective porosity in matrix.
Ay = mean e:féctive porosity in fracturas
’ - indéx labeling rock geohydrologic units in thae S2
d, = flow-path length through tha s unit (m).

The sum of the individual d, is a total flcw-path length from a given point
on the water table under the repository to any point on the accessibla-
environment boundary. The formulaa for astimating the variances of the
transport times (7] and 77) are not quoted here; the evaluation of thase
formulae requires the same mean values of the quantities that appear on the
right-hand sides of Equations 8.3.5.1.3-27 and 8.3.5.13-28, and in additioen,
the spatial variances and autocovariance lengths for, and correlation
coefficients among, all these quantities. In short, given estimates of tha
statistical parameters associated with the natural distributions of rock
hydrologic and geochemical parametars associated with each geohydrologic
unit, one can estimate the distribution of the transport times (T} and T}).
Estimates of each statistical parametar are intrinsically uncertain becausa
of practical limitations on both the analytical methods used to ascertain
values of those parametars, and on the numbaer of the data units (field
samplas or measurements) that can be obtained for use in those analytical
methods. Data that cculd bae used to 1n£er these stat;stical parameters are
presently sparse or nonexistent.

Considerable insight into the sensitivity of the transport times for the
determination of the releases can be gained by study of the expressions for
the mean value of those times (i.s., Equations 8.3.5.13-27 and 8.3.5.1.3-28).
Becausa fracture porosities are almost always much less than matrix

porosities, order-of-magnitude estimates of the mean transport times can be
made from

N2l (8.3.5.13-292)
R RY B | (8.3.5.13-258)

whezre all barred quantities on the right-hand sides now denote spatial
averages over the entire UZ or SZ as appropriate. Again, it is emphasized
that these estimates apply only if the assumption of strong coupling between
mass concentrations in matrix and fracture flows is valid.
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For the UZ, one may take #. equal to 0.2 (Figure B-1 in Sinnock et al.,
1986), values for R, from column 5 of Table 8.3.5.13-4, and { equal to 250 m
(Figure 4(A) in Sinnock et al. (1986)). Using these values, one finds that
at ¢« = 5 mm/yr, the mean UZ transport time for nonsorbing species (where &

= 1) is just about 10,000 yr, and much longer for sorbing species (e.q.,
uranium’s mean transport time through the UZ would be 270,000 to 450,000 yr).
The SZ mean transport times can be estimated by taking #. and R:, as in the
UZ case, but ¢ = 3.2 x 102 m/yr and d = 5000 m (Table €-19 in DOE, 1586b).
The mean transport time in the SZ for nonsorbing species is about 30,000 vz,
and for sorbing species, a term longer by the factor K.

Estimates such as these show (1) why it may be possible to ignore the

.. contributions of sorbing species to the sum in Equation 8.3.5.13-21, provided

~ that the standard deviations (i.e., the square root of the variances) of the
transport times are small compared with the mean and (2) why the variances of
the transport times are important in determining the relative contributions
of all species to the sum in Equation 8.3.5.13-21, These estimates also show
wvhy a2 solution to the problem of coupling times for the transfer of mass con-
centrations between fracture and matrix flows is seriously needed, partic-
ularly for flows in the S2. 1If coupling times'are‘shOtt then, as indicated,
transport times for all species in the SZ may exceed 30,000 yr and the S2
becomes the primary barrier to releases through the water pathways (indeed,
those scenario classes involving water-pathway releaseés would make little if
any contribution to the complementary cumulative distribution functions in
this alternative). On the other hand, if coupling times are long compared
with the estimated 170-year ground-water travel time in the SZ, the S2
barrier could only modestly reduce the magnitude of 10,000-yr cumulative
releases, and the UZ barrier would become the primary barrier to releases.

_Models for gas-phase releases

Release of radionuclides by gas pathways appears in both undis-
turbed-case and disturbed-case scenario classes. 2 few of the radionuclides
in spent-fuel waste forms, namely tritium, carbon-14, krypton-85, and
iodine-129, could be released from vaste packages as gases or in compounds
that form gases. Of these, the only important one appears to be carbon-14,
in the form of carbon dicxide. The half-lives of tritium and krypton-85
(12.3 yr and 10.7 yr, respectively) are short. Current evidence and the
extremely reactive nature of elemental iodine suggest that it is likely to be
released or quickly transforms in a liquid or solid phase. The source of
gas-phase carbon-14 "is thought to be removal of carbon from the oxidized
skin of the Zircaloy cladding by reaction of the oxygen in the atmosphere
with carbon in the cladding oxidation layer to release carbon dioxide®
(Oversby and McCright, 1985). Oversby and McCright believe that as much as
1 percent of the carbon-14 inventory in spent fuel may be available for rapid
release from the breached waste packages in the form of carbon dioxide during
the first 100 to 1,000 yr following closure (Sectien 8.3.5.9). After the
1,000-yr containment period, the amount of carbon-14 available for rapid
release from the breached waste packages would be very small because of slow
oxidation rate of carbon-14 to carbon dioxide due to low temperatures and
gamma fluxes (Section 8.3.5.10). Carbon-14 in nongaseous forms will be
released slowly, probably in a liquid phase. : :
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; Rapid release of. 1 percent of the carbon-14 inventory to the accessible
environment would not alone violate the proposed rule (10 CFR 60.115). An
upper-bound estimate of the normalized cumulative release under expected
conditions is 0.15, assuming a normalized inventory of 15 for carbon-14
(Table 8.3.5.13-6) at closure time and prompt transfer of 1 percent of the
carbon-14 to the atmosphere above the repository. = Carbon-14 dioxide
originating in the waste form would, of course, not be promptly transferred
to the atmosphere, but would have finite and possibly long residence times in
partially saturated pore spaces of the repository’s overburden during which
times the carbon-14 could decay. In addition, some of the released carbon-14
dioxide would diffuse downward and presumably become dissolved in water in
pore spaces of rock below the repository horizon. The effect of long
residence times and downward diffusion would be to reduce the time~integrated
flux of carbon-14 to the atmosphere above tha repository.

The time-dependent surface flux of carbon-14 originating in the waste
form may, in principle, be estimated by first constructing a conceptual model
of transport of carbon-14 dioxide through the partially saturated overburden
units at Yucca Mountain and, second, solving the system of transport equa-
tions rising from the conceptual model. The remainder of this discussion is
devoted to a description of one possible conceptual model of transport of
carbon-14 dioxide and the site-specific data needed to verify that conceptual
model and implement a solution of the associated transport equations.

" The conceptual model for the transport of carbon-14 dioxide through the
partially saturated overburden has three principal features:

1., Gas-phase carbon-14 dioxide moves upward through air-filled pores
and fractures of the unsaturated tuffs by molecular diffusion and by
advection in a thermally driven air-convection cell. Analyses to
date do not permit either of these processes to be neglected.

2. An isotopic equilibrium exists between carbon dioxide in the gas
phase, which is mobile, and dissolved bicarbonate, which is
immobile. Advection of dissolved bicarbonate almost certainly may
be neglected. : e J

3. ’Piecipitation of calcite, if iﬁtoccdrs, irreversibly removes

. - carbon-14 from the system. The chemical controls on calcite
precipitation are not yet understood. .
To describe this system, three Set$ of équat;ons are reqqired:

1. Eduatibns for the movement of carbon-14 and its transfer among
phases. : I L _

2. Equations that determine the chemical environment, insofar as it is
not directly observabla. ' . '

'3.f,Equations for the éeiocity of air‘flow.

The‘follbwing'diSCusSion describes the preliminary model for releases
along gas pathways. Thorstenson et al. (1983) point out that each isotopic
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species of CO, within unsaturated-zone gas diffuses according to its own
concentration gradient. Advective transfer also will depend on the local
concentration of any given species, independent of the presence of other iso-
topes. Mass transfer among phases can, however, depend on the concentrations
of other isotopic species. ,

With these considerations in mind, a governing equation for the concen-
_tration of any gas in the unsaturated zone is needed. This is obtained by
- @dding advection terms to Equation 12 of Thorstenson et al. (1983). The cme
dimensional equation is as follows: ,

8c. _ 8Cy 8C, __ 8C, 8c; 8¢ _
-cgw-qz-sfffeoﬂa—a;,—-epw*(er ©p) R (8.3.5.13=-30)

where
L/ _é Darcy velocity of mass flow ovfrthe pore gas (cm/s)
¢z = Darcy velocity of liquid water flow (dn/s)
C, = conc'entration‘ct gas 4 (mole/cm?) |
C: = concentration of gas A and its reaction products in the soil water
‘ (mole/cm® of water) (Thorstenson et al. define this variable as a
concentration per unit mass)
s = concentration of substance .-t and its reaction products in the
' solid phase (mole/[cm® of medium], where [cm® of medium] refers to
. the space occupied by solids + liquids + gases)

z = dimension increasing with depth; 0 at land surface (cm)

r = a tortuosity factor accounting for the added resistance to
diffusion imposed by the structure of the porous medium
(dimensionless) L '

€p = drained or gas-filled porosity (dimensionless)

D, = molecular diffusion constant for diffusion of gas 4 into the pore
' gas (cm?/s) S :

t = time (s)
©r = total porosity (dimensionless)
ay = 3 production term for subStance A [(mc::l.velc:m3 of medi\m)/s] .

In addition to the measurable parameters r, ép, D4, and Oy, Equation
8.3.5.13-30 contains five quantities that must be calculated from other
models: 4z, ¢, 8C;/8t, 8C,;8tr 8nd a4 The production term o, will, for
carbon-14 originating from a repository, be obtained from waste-package

models that will not be discussed here. The interphase transfer terms
(6C3 /8t and 8C4/8t) depend on C,, and if species 4 is total carbon dioxide
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the relationship is nonlinear. The chemical models describing this relation-
ship must therefore be incorporated into the transport model.

Since liquid-phase advection is almost certainly negligible for carben
species at Yucca Mountain, the second term on the left-hand side of the
equation, involving ¢, can be dropped. ,

~ The gas advection veleocity ¢, at any point depends on the gas density
throughout the mountain; the gas density depends on temperature and on tha
partial pressures of water vapor (which, in turn, depends on temperature
because the relative humidity of pore gas is always close to 100 percent) and
carbon dioxide. Both of these gases are more concentrated in unsaturated-
zone gases than in the atmosphere; water vapor is lighter than air and carbon
dioxide is heavier. Temperature differences between the mountain interior
and the outside arise from the damping out of daily and annual temperature
variations in the subsurface, the geothermal gradient, and tha heat source in
the repository. The first two of these factors, combined with the topo-
graphic relief of the mountain, induce a nonnegligible air flow under
existing conditions (Weeks, 1986; KRipp, 1986). Anothar, steadiar component
of air flow will be induced by repository heating and continue until the rock
temperature throughout the mountain has returned to its initial temperatura.
The relative magnitude of thesa flows is unknown.

Steady air flcws, such as those due to repository heating or mean
humidity differences batween pore gas and atmosphera, ara incorporated into
Equation 8.3.5.13-30 through the ¢, term. The best manner of treating
oscillating flows due to daily and annual temparature variations is
uncertain; rather than calculating a varying g,, it may be easier to treat
these flows as a mixing process and replace tha effective molecular diffusion
constant (rD,) with a mixing constant (D*), which varies from place to place.

Fortunately, it is possible at Yucca Mountain to decouple aiz-flow and
carbon-dioxide-transport models and solve the air-flow problems without
reference to CO,. The advection velocity ¢, is essentially independent of
CO, concentration because humidity and temparature effects are much greater
than the density changes associated with variations in CO, partial pressures.

Equation 8.3.5.13-30 requires two boundary conditions, one at the water
table and the other at or near the surface. Because the production of €O, by
plant zoots is large and difficult to quantify and because seascnal tempera-
ture variations result in changes in CO; flux that extend for scme distance
below the surface, it will probably be more convenient to locate the upper
boundary at a depth of abeut 10 m rather than the surface. As for the lower
boundary, Thorstenscn et al. (1983) found that an assumption of chemical
equilibrium between pore gas just above the water table and water just below
it frequently is not borne out. Very likely, it will not be possible to
develop mechanistic models of CO, fluxes at the boundazies, and concentra-
tions there will simply have to be set to measured values.

The quantity that must be calculated to determine requlatory camplianca

is not the concentration Ca, but the integral of the net flux to the
accessible environment over the area of the repository and over a 10,000 yr
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period following closure. The mass flux of species 4, which is denoted 94,
_can be computed frem solutions to Equation 8.3.5.13-30 as 7

6C |
94 = 44Ca = uCs - 100 5= (8.3.5.13-31)

In the sign convention used here, the fluxes (q) are positive downward.

. Solution of Equation 8.3.5.13-30 requires that formulae be derived for
the time derivatives of the quantities C° and C,, representing the concentra-
tions of species A in the liquid and solid phases. Because the species of
interest are total carbon dioxide and carbon-14, these derivatives will be
equal to the rates of carbon~dioxide dissolution and carbonate mineral
precipitation. The rates of these reactions will be determined by the carbo-
nate chemistry of the system. Unfortunately, existing data are not adequate
to identify a unique chemical model. The model needed for resolving Issue
1.1 will be developed as part of an investigation in the Yucca Mountain
Project geochemistry program (Section 8.3.1.3.8). ,

A model for concentrations of total carbon dioxide is a pierequisite for
predicting transport of carbon-14 for two reasons:

1. The equation for carbon-14 transport will contain parameters
depending on concentzations of total carbon dioxide and bicarbonate.

2. The success of a model in explaining currently observed carbon
dioxide concentrations is a valuable test of its validity.

To apply the transport Equation 8.3.5.13-30 to total carbon dioxide, one
needs formulae for the rates of change in the dissolved bicarbonate concen-
tration C° and the solid calcite concentration ¢ These two quantities will
be addressed in an investigation in the Yucca Mountain Project geochemistry
program (Section 8.3.1.3.8).

Iwo equations are needed to describe the aqueous and solid carbon-14
concentrations. FHere, the concentraticns and partial pressures of total
carbon dioxide are denoted as C. and A, respectively, and the concentration
‘and partial pressures of carbon-14 dioxide are denoted as Ciq and Py

The liquid and gas phases are intimately mixed, and both gas molecules
and dissolved ions are very mobile. The chemical reactions are rapid, and
isotopic fractionation factors between gas and aqueous-phase species and
among aqueous-phase species in the carbonate system are all very close to
unity. Consequently, isotopic equilibrium can be expected between gas-phase
carbon dioxide and dissolved bicarbonate. This gives the equation

C: " Pr ' | (8.3.5.13-322)

Carbon atems in solid calcite are much less mobile. At least as a first
approximation, they may be thought of as a reservoir of "dead® carbon with no
carbon-14 content. In this case, we can write equations not for the solid
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~concentration C, but for its time derivative. Different equations arar
obtained for the cases of net precipitation and nat dissolution:

[ 14
- P 8Cr
a¢ 8¢ ~ :
—g‘ﬁ=o. e £ <o - (8.3.5.13-32¢)

Equation 8.3.5.13-32C for net dissolution rests on tha assumption that there
has been no precipitation in the relatively recent past (intervals of a few
times the half-life of 5,730 yz). If a period of precipitation followed by
dissolution within the next 10,000 yr is predicted, some carben=-14 would ba
released from the dissolving calcite and a different equation would have to
be used instead of Equation 8.3.5.13-32C.

If Equation 8.3.5.13-30 for transport of total carbon can be solved
without regard for carbon-14, substitution of that solution along with Equa-
tions 8.3.5.13-32 and 8.3.5.13-30 for carbon-14 will yield a linear equation
for carbon-14 transport. This will indeed be the case. Natural carbon=14
abundances are on the order of one part inm 1034, The carbon-14 in tha repos-
itory will be considerably more abundant, but still negligible compared with
the carboa in impinging water and soil gas. Even a relatively high estimate
of the repository carbon-14 inventory at 103 Ci (van Konynenburg et al.,
1984) only places about 22 kg of carben-14 in the repository. It should ba
noted that less than 1 percent of the 22-kg inventory of carbon-14 may beccme
available for gaseous release. By comparison, if the disturbed zone around
the repository has a thickness of 100 m, an area of 6 km, a drained porosity
of 0.1, and a CO, partial pressuras of 0.1 percent by volums, it will contain
approximately 33,000 kg of carbon in tha gas phase, and even mora carbon will
ba present as dissolved bicarbonata. :

Discussion of some preliminary scenario classes

Disturbed case (A-1): direct release in basaltic volcanism. The
consequences of basaltic volcanism on a wasta-disposal site at Yucca Mountain
waere thoroughly studied (Link et al., 1982) before raference repesitory host
rock and inventories for the presently proposed site at Yucca Mountain were
conceived. Many of the insights from this study are still relevant, howevez,
and can be used as background for the discussion of this scenario class.

"The formation of the basic Basin and Range topography of tha (Yucca
Mountain site) has been punctuated throughout Tertiary and Quaternary time by
volcanism. Ia fact, (the site) is an up-faulted block made up of at least
6,000 feat of tuff, a volcanic rock. Only basaltic volcanism (dike-fed
cinder cones) is known to have occurred during Quaternary time in the region
surrounding tha (sitae).® (Link et al., 1982)

| Duiing eruption, cinder conas like the onaes near the Yucca Mountain site
are usually characterized by a pulsating columnar eruption of jets of gas and

lava fragments. At repository depths, cones are fed by vertical, tabular
magma bodies called dikes. -
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*Gecmetric arguments suggest that if a tabular dike intersects the

- repository, it would most likely intercept about seven spent fuel canis-

ters....Other posxt;ons or lengths of penetration of the dike in the reposi-
tory could result in the interception of as few as zero canisters or as many

~as 448 spent fuel canisters.... Because there is no information available on
- the possible interaction between a waste canister and a basaltic dike, all

waste in each canister was assumed to be released into the magma.... If

'waste were entraines by magma, some of it would be released by the eruption

column in the fo:r of fine partxcles. (Link et al., 1982)

Using these insights about basalt;c volcanism, an estimate of the

normalized cumulative release can be made for this scenario class. It is

assumed that (1) the surface progectzon of the area bounded by the perimeter
drift, and extensions, is 5.1 kmé; (2) a tabular feeder dike passes through
the center of the area bounded by the perimeter drift, and extensions, and
has dimensions 1 m by 3 km (i.e., 3 x 103 km? area); (3) 18,000 waste
packages are uniformly distributed over the area bounded by the perimeter
drift, and extensions, with radionuclide inventory given in columns 1 and 3

. of Table 8.3.5.13~6; and (4) any waste packages intercepted by the feeder

dike are immediately ejected through the cinder cone. The perimeter drift is
the boundary of the primary reposxtory area and extensions; the surface
pro:ectzon is the vertical projection of the prxmary repos;to:y area and

-extensions onto the ground surface.

- Geometric a:gument shows that 11 waste packages are intercepted in this
case. One can estimate & bound on the consequences for release to the
accessible environment for this case using Equation 8.3.5.13-21, that is,

N & _ C

where N =11, Nr = 18,000, and the sum over the index i of c.'l.. is computed
at the bottom of column S of Table 8.3.5.13-6. If 4 x 10-%/yr (Crowe et al,
1982) is taken as the upper-bound estimate of the annual probability of
occurrence of basaltic volcanism in the area bounded by the perimeter drift,
and extensions, then the probability of such an event occurring once in a
10,000-yr period is 4 x 10~¢ and the probability of more than one occurrence
is negligxble. Acco:ding to these estimates, the normalized release is less
than

104 x 4 x 10" - 4.16_: 10‘2.

This estimate is not necessarily an upper bound, because the size of the
feeder dike was arbitrarily assumed. A more realistic calculation that takes
into account the decay of the waste inventory, the distribution in sizes of
feeder dikes, and the distribution of waiting times until occurrence of
basaltic volcanism can easily be made once the values of performance
parameters for the scenario are known. ‘
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Disturbed case (A-Zz direct release via human intrusion. Many sce-

narios involving human intrusion at Yucca Mountain can be imaglned, but for
this document consideration is restricted to the events cited in the list of
potentially adverse conditions (PACs) (10 CFR 60.122(c)(2)). This list men-
tions some of the human activities that could adversely affect ground-water
flow systems, namely (1) ground-water withdrawal, (2) extensive irrigation,
(3) subsurface injection of fluids, (4) underground pumped storage, (5) mili-
tary activity, and (6) construction of large-scale surface water impound-
ments. In considering the potential effects of future activities of these
kinds, the DOE has assumed that none could credibly occur within the bounda-
ries of the controlled area (the area to be delimited by long-lasting mar-
kers); however, the possibilrty of some crrcumspect exploratory drilling
within the controlled area is allowed

Scenarios 1nvolv1ng actlvities (2) and (6) are incorporated in the
discussions of scenario classes C and D, which involve local or repository-
wide flooding from sources above the repository (C) and effects on the satu-

rated zone (D); neither of these activities could logically lead to direct
releases of radionuclides to the accessible envrronment in the context of
Yucca Mountain.

Activity 1, ground-water withdrawal, could lead to either direct or
indirect releases. Direct releases would occur through the pumping to the
surface of saturated-zone ground water that has become contaminated with
radionuclides from the repository. . This situation is of concern for the
ground-water protection rule addressed by Issue 1.3 (Section 8.3.5.15).
Indirect releases could be linked to changes in ground-water velocities in
the saturated zone through changes in head gradients caused by water with-
drawal. Given the long transport times through the unsaturated zone that are
predicted for the nominal case (less than 1 percent of calculated ground-
water travel times are less than 10,000 yr (Sinnock et al., 1986)), the
consequences of direct release through ground-water withdrawal appear to be

- minuscule and probably can be ignored. The consequences of indirect release
through alterations in the head gradients of the saturated zone probably can
also be ignored, but in any case are amenable to quantification using models
for failure of the 3aturated-zone barriers (category D in Table 8.3.5.13-3).

This leaves the essentially underground activities (3, 4, and 5), which,
along with other underground activities in-the controlled area not mentioned
in the potentially adverse condition (PAC) list (e.g., underground explora-
tion for economic and scientific purposes), would logically be preceded by
some kind of investigations from the surface. Consistent with the PAC list’s
context of late 20th-century socioeconomic needs and technology, the most
likely method of exploration from the surface would be the drilling of bore-
holes. It is recognized that, in principle, other human activities could be
important. However, the DOE’s judgment is that the assumptions specified
with regard to human activities in the definition of significant events and
processes in the proposed amendments to 10 CFR 60.2 (and given in the regula-
tory background for this discussion) limit those that should, in fact, be
considered. 1In the remainder of this discussion, an upper-bound estimate of
the scenario probability and the normalized cumulative release for such
inadvertent exploratory drilling is made. The scenario assumptions are given
in the following paragraphs.
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It is assumed that Yucca Mountain could become the site of many episodes
" . of exploratory drilling during the 10,000-yr pericd following closure. Each
episode is presumed to follow a period in which markers for the controlled
area (as defined by the NRC in 10 CFR 60.2) have either disappeared or become
- unreadable, and records and knowledge of previous exploratory efforts are
lost. During each episode, there is the possibility that deep drilling on
the site will accidentally graze or penetrate a waste package, resulting in
radicactive material being brought to the surface along with core. The
activity of this material would thus contribute to the cumulative release to
the accessible enviromment. Depending on the time of an episode after clo-
sure and the depth of drilling in the unsaturated zone, some radicactivity
could be brought to the surface in the pore water of cores from those
boreholes that do not graze & waste package. This contribution is not
considered in the present analysis, but it could be considered in future
analyses, given the same kinds of data as will be required for a complete
‘analysis of the present scenario class (A-1) and the nominal class (E).

It is assumed that 18,000 waste packages, each containing 3.89 MTHM of
spent fuel, are uniformly distributed throughout the area bounded by the
perimeter drift, and extensions, in the Topopah Spring (TS) unit (Figure
£.3.5.13-5). The bounded area is 1,260 acres (510 ha, or 5.1 km?)., The
vaste packages are cylindrical with an internal diameter of €8 cm and inter-
nal length of 4.3 m; the analysis below treats both vertical and horizontal
placement of waste packages. Waste composition of each package is given in
Table 6~-47 of DOE (1986b). To bound the estimate, it is assumed that a
100-yr-old waste inventory prevails during every exploratory episode and that
the rate of penetration over the 10,000-yr period is constant and equal to
0.0003 boreholes per square kilometer per year (this rate of drilling is
specified by the EPA in 40 CFR Part 191, Appendix B as a2 maximum rate of
penetration at sites containing nonsedimentary rock). It is also assumed
that each penetration passes vertically through the TS unit and that the
drill-bit diameter is constant and equal to € cm.

Given that the entire thickness of the TS unit under the surface projec-
tion of the perimeter drift and extensions is vertically penetrated by the
drill-bit, the probability that a waste package is at least grazed by any one
drill-bit is : : :

{.Olﬂ (horisontal emplacemesnt)
.90"2 (vertical emplacement)

This probability is equal to the ratio of the total effective intercept area
of the 18,000 packages to the area bounded by the perimeter drift and exten-
sions. The effective intercept area/package is just the projected area per
package plus the area of a 3-cm-thick border around the projected area. At
the given upper limit on the rate of penetration of the site 0.0003 boreholes
per square kilometers per year, one expects about 15 penetrations in

10,000 yr. Given N = 1§ tries, the expected value of curies brought to the
surface on the a®™ try (a=1, 2, 3, . . . N) is C(n)p, where C(n) is the
expected curies, in the form of the ** nuclide species, intercepted by the
drill bit on the a** try. Note that this quantity would have to be estimated
by simulation, taking into account the change in waste-package nuclide
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inventory with time. For purposes of this bounding calculation, we introduce
C.(maz), the maximum curies that could be intercepted by a drill bit in any
try; thus, the expected values of curias brought to the surface in N tries is

.

Qi =)_Ciln)p < NpCi(maz , (8.3.5.13-34)

and the expectation of the performance measure for this scenario class is
. u=2%sm2—‘§£’ C (8.3.5.13-35)

The quantity on the right side of the above inequality is an upper-bound
estimate of the expected partial performance measura (EPPM) for this scenario
class. The sum on the right side is calculated in Table 8.3.5.13-7. Using
the values of ¥ and p given above

Y < {r.u %10"* (vertical)
ol 9.92 x 10-* (horisontal) -

‘This upper-bound aestimate should be compared with the estimate of the EPPM
for ncminal-case releases along watar pathways, about 2 x 10-7 (Table 4 in
-Sinnock et al., 1986). ' C ' '

Disturbed case (C-1): incresased flux through the unsaturated zona. -
Scme of the initiating avents or processes causing an increased percolation
flux through the unsaturated zone (UZ) and a consequent decrease in radio-
nuclide transport times through the UZ are the following:

J

1. Climate changa causes increase in infiltration over controlled area
(C-azea). » ‘

2. Offset on faults creatas surface-water impoundments, alters
drainage, creates perched aquifers, or changes dip of tuff beds.

3. Volcanic erupticn causes flows or other changes in topography that
result in surface-vater impoundments or diversion of drainage.

4. Igneous intrusions, such as a sill, that could result in a change in
flux.

5. Tectonic folding changes the dip of tuff beds in C-area, thareby
- changing flux. ‘ ‘

§. Uplift or subsidence changes drainage, thereby changing flux.

7. Subsidence of thae mined repository creatas suitaceéwage: '
- impound ments or diverts drainags. '

8. Natural surface-water impoundments are formed over access shafts
connecting surface and repository.

8.3.5.13-84 </
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" Table 8.3.5.13-7, Maximum radioactivity (in curies) released in a single exploratory driliing at the
, Yucca Mountain site S

Maximum radioactivity
in 6-cm-diameter core, S -
Cyfmax) (Ci) ' ' C; (max) /L,

Inventory® Horizontal Vertical Limit, L;°  Horizontal Vertical
Species®  (Ci/MTHM) emplacement » emplacement (Ci) emplacement emplacement
| Am-241 3.5 x 103 16.7 N 106 1;000 2.39 x 10-3 1.51 x 10-2
Pu-241 1.0 x 103 4.8 304 1,000 6.83 x 10-4 4,34 x 10°?
Pu-240 4.5 x 102 2.15 o1 1,000 3.07 x 10-¢  1.96 x 10-3
Pu-239 2.9 x 102 1.39 \ 8.84 7,000 1.99 x 10~ 1.26 x 10-?
Pu-238 1.0 x 103 4,78 : 30.4 7,000 - 6.83 x 10-4 4.34 x 10-2?
Cs-137 9.4 x 103 4.9 286 ~ 70,000 6.41 x 10-4 4.09 x 10-3
Sr-90 5.7 x 10 , 27.2 173 70,000 ' 3.89 x 10-4 2.47 x 10-?
Subtotal 102 648 |
Contributiona
from other
species 0.42 ‘ 3
Totals 102 : 651 ‘ 5.29 x 10~  3.36 x 10-2

aThe seven radionuclides listed contribute more than 99 percent of maximum radioactivity in core;
refer to column 3.

b100-yr-old spent fuel. Source: Tables 3.3.8, 3.3.9, and 3.3.10 in DOE (1979). WMTHM = metric tons
of heavy metal.

cEPA limit on 10,000-yr releases for 70,000 MTHM of spent fuel (40 CFR Part 191).
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9. Extensive irrigation is conducted near the C-area.

10. Large-scale surface-water impoundments are constructed near the
C-area. , ,

Of these events and processes, climatic change is probably the agent with the
most potential for increasing local and repository-wide flux levels. ' The
diversion of drainage from down-dip flow attending an episodic offset along a
fault passing through the repository could also substantially increase local
flux and, as a consequence, place a limited number of waste packages in path-
ways to the water table along which the UZ transport times are short relative
to the mean transport times of the nominal case. The other initiating events
or processes appearing in the above list will probably prove to have conse-
quences that are indistingquishable from nominal-case consequences. In par-
ticular, those events or processes leading to floods over the C-area will
probably have very long hydraulic-response times, and thus near-zero
consequences. This belief stems from preliminary calculations of flooding
that show response times of thousands of years. There is also a small number
of waste packages that would be intercepted by the "plume® of a flooding
event, and a negligible reduction in UZ transport time would be caused by the
slight increase in flux that attends a flooding event.

Disturbed case (C-2): foreshortening of the unsaturated zone. Some
initiating events and processes that could lead to a decrease in the
effective thickness of the unsaturated zone (UZ) and a consequent decrease in
radionuclide transport times through the UZ are the following:

1. Climate change causes an increase in altitude of water table.

2. Igneous intrusion causes a flow barrier or thermal'effects that
alter water-table level.

3. Offset on fault juxtaposes transmissive and honitansmissive units,
' resulting in either the creation of a perched aquifer or a rise in
water table. _ . ' -

4. Bpisodic changes in sfrain in the rock mass aue to faulting cause
changes in watez-table lavel.

5. Folding, uplift, or subsidence lowers repository with respect to
water table.

6. Extensive irrigation is conducted near the C-area.

- 7. Large-scale surface-water impoundments are constructed near the
. C-area.

8. Extensive surface or subsurface mining occurs near C-area.
9. Extensive ground-water withdrawal occurs near C-area.
Of these events and processes, climate :nange probably is the agent with the

most potential for increasing the eiev:-.:n of the water table under the
C-area; Czarnecki (1985) used a regicni. aydrologic model (Czarnecki and

8.3.:.0:-9¢
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Waddell, 1984) and extremely conservative assumptions about the effects of
climatic change on ground-water systems to show that water-table elevations

‘might rise by as much as 130 m in the future. The effect of changed offset

along faults on saturated-zone (S2) transmissivity may also be important in
determining water-table elevations. Barr and Miller (1987) have used the
ISOQUAD code (Pinder, 1976) to explore the effects of abrupt alterations of
(SZ) features presumed to control the distribution of hydraulic heads. For
example, they assumed a fault-controlled model with sudden leakage across the
Solitario Canyon fault and predicted rises in the water-table altitude under
the C-area of 30 m with hydrodynamic response times of about 115 yr. A con-
nection between fault motion and changes in leakage across that fault has not
been firmly established. Hence, the calculations of Barr and Miller (1987)
should be Viewed as a worst-case calculation

The other initiating events or processes appearing in the list will
probably prove to have consequences indistingquishable from nominal-case
consequences, or even have positive effects such as the lowering of the
water-table level through ground-water withdrawals or mine dewatering. In
any case, these beliefs need to be confirmed by quantitatively screening the
consequences of realization of each of the initiating events or processes
shown in the list.

Disturbed case (C-3): altered unsaturated-zone rock-properties and
geochemistry. Some initiating events and processes that could alter

:ock-hydrologic properties and geochemical conditions in the unsaturated zone
(UZ) in such a way as to decrease radionuclide transport times through the UZ
are the following:

1. Igneous intrusions cause changes in rock hydrologic properties.

2. Igneous intrusions cause changes in rock geochemical properties.

3. Episodic offset on: faults causes local changes in rock hydrologic.

: properties, thereby destroying existing bartiers to flow or creating
“new conduits for drainage.

4. Offset on a fault causes changes in movement of ground water,
resulting in mineralogical changes along the fault zone.

S. Offset on a fault changes radionuclide travel pathway to one with
different geochemical properties.

6. Changes}in stress orAstrsin:in the C-area resulting from episodic
faulting, folding, or uplift cause changes in the hydrologic’
properties of the rock mass.

7. Tectonic-processes cause changes inhground-ﬁater'table or movement
~ that results in mineralogic changes in the C-area.

8. Extensive irrigation is conducted near the C-area.

9. Large-scale surface-water impoundments are constructed near the
C-area.

8.3.5.13-87
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10. Extensive surface or subsurface mining occurs near the C-area.

Acting alone, none of these events or processes are currently believed to be
capable of leading to consequences distinguishable from undisturbed-case o
consequences; nevertheless, this belief needs to be confirmed by a \.—)
quantitative screening of consequences. ,

Disturbed case (D-1): foreshortening of flow paths in the saturated
zone. Some initiating events and processes that could lead to the appearance
of surficial discharge points within the C-area, thereby shortening radio-
nuclide travel times through the saturated zone (S2Z) to the accessible
environment, are the following: SO R

1. Climate change causes appearance of surficial discharge points
within the C-area. R :

2. Igneous intrﬁsions'cause £low barrier or thermal effects that alter
water-table level., Lo Co _

3. Offset on fauit.juxtaposes transmissive and nontransmissive units,
resulting in either the creation of a perched aquifer or a rise in
the water table.

74; ‘Episodic changes in strain in the rock mass dué to faulting causes
changes in water-table level. : . ,

5. Folding, uplift, or subsidence lowers repository with respect to -
water table.

Climate change probably is the only credible cause of a water-table rige )
sufficient to create long-term surficial discharzge points. Even so, a \-)
consideration of the minimum distances between the current water table and

the surface levels apparent within recently proposed boundaries for the

C-area (Rautman et al., 1987) shows that water-table rises greater than 160 m

would be required to create new discharge points. The appearance of surfi-

cial discharge points within the C-area is not the only way by which the

SZ could be foreshortened. Changes in the horizoatal component of the gradi-

ent of the S2 head contours could also lead to decreases in the means and -~
increases in the variances of the radicnuclide transport times (changes in

the vertical components of the SZ head contours, i.e., changes in the magni-

tude of the linear water velocity through the S2Z, are included in scenario

class D-2). This latter effect depends upon the definition of the boundaries

of the C-area that is ultimately adopted.  The effect has not been considered

in the choice of initiating events and processes in the preceding list.

Disturbed case (D-2): altered saturated zone head gqradients, rock
hydrologic_properties, and geochemistry. Some initiating events and
processes that could lead to adverse alterations of the saturated zone (S2)
vertical head-gradients, or SZ rock hydrologic preperties, or SZ geochemistry
are the following: = . Lo

1. Climate change causes an increase in the hydraulic gradients of the
water table within the C-area. S

8.3.5.13-88 </
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2. Igneous intrusion causes flow barriers or themmal effects that alter
water table (or hydraulic gradients).

3. Offset on faults juxtaposes transmissive and nontransmissive units,
resulting in either the creation of a perched aquifer or a rise in
the water table (or a change in hydraulic gradients).

4. Extensive irrigation is conducted near the C-area.

5. Llarge scale surface-water impoundments are constructed near the
C-area. ‘

€. Extensive surface or subsurface mining occurs near the C-area.
7. Extensive ground-water withdrawal occurs near the C-area.

“Adverse"™ alterations means changes that could decrease radionuclide trans-
port times in the SZ. RAgain, the only potentially important cause of adverse
alteration in the vertical head gradient probably is climatic change. 1In his
most recent calculations, Czarnecki (1985) predicts that a four-fold increase
in specific discharge in the SZ could accompany the 130-m water-table rise
associated with a model of future climatic conditions. Changes in SZ trans-
missivity associated with fault motion might also have some small effects on
radionuclide transport times in the SZ, as shown by Barr and Miller (1987):;
howevér, the model effects on transport time of an uncoupled contaminant
particle through the SZ observed by Barr and Miller (1987) are probably
related more to changes in the horizontal components of the head gradients
than in the vertical components. In any case, both climatic change and
faulting need to be seriously considered as agents of change in the §Z
transport times. : :

4. A preliminary performance allocation for Issue 1.1

A preliminary performance allocation for this issue is summarized in
Table 6.3.5.13-8. Because this allocation deals with the total system and
performance measures for the total system, it is appropriate to allocate
performance against those perceived events .and processes to which the total
system must respond. Column 1 of Table 8.3.5.13-8 lists the eight poten-
tially significant categories of scenario classes identified in Table
8.3.5.13-3. Column 2 indicates the mode(s) of the release - (or release
pathway) corresponding to each scenario class. For reasons mentioned in the
background material on gas-phase releases, the gas pathway is considered
important only for the nominal case (E). Column 3 shows a preliminary
assessment of the barriers on which primary reliance may be placed in meeting
the performance goal listed in column 6; possible backup barriers are also
indicated. Column 4 shows the component(s) of the primary barrier that are
believed to contribute most to the achievement of the performance goal:;
column 5 gives the reason for the assignment of a primary barrier in the form
2f the processes or conditicns that may ensure the achievement of the
performance goal.

Column 6 shows the performance measure for each scenario class, the

expected partial performance measure (EPPM). The EPPM is defined earlier in
this- section, in the discussion entitled "Screening for significant events,
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Table 8.3.5.13-8. Preliminary performance allocation for Issue 1.1 (page 1 of 2)

Release System elements Pecformance
scenacio Pcimary Primscy processes = measure Tentative  Heeded
class Pathuay Primary barrciers barrier components or conditions (ERRM)* . goal contidence
HOMIMAL CASE
4 Hatec Unsatutated zbau Coabined facies of Equivalent -porous~ EREM <0.01 ~ High
: satuzated sone, Calico Hills; media transport .
- EBS® as backup other uaits as ~ through matrix
- backup 1 with adsorptive
_ ‘ retardation
- Gas EBS; averburdes as Container and struc- Limited rapid release  EPPM < 0.2 Medium
backup I tural compoaents of cacbon-l14 as .
L carbon dioxide
DIRECT RELEASES
A-1 Direct (o allocation: see text for explanation) | ceed <0.1 ‘ High
A=2 ) : : EPPH <0.1 Mediun
FAILURE OF UMSATURATED ZOHE BARRIERS 4
C-1 Hater upouuoiy over- Paintbrush Tuff uait Flooding-pulse delay (3] ] < 0.01 High
. burdea . and Topopah Spring tises > 10,000 yr
v Gas - Uone ' - bloae Noae ' High
c-2 Water  Saturated zoas; Saturated zone to Equivalent-porous- ERPYM < 0.1 Medium
E83 and residual .. boundary of AE® asdia traasport
unsatuzated sone (or discharge with adsorptive
‘ as backup points) retardation
Gas . Hone Hone : ~ Mone - | High

T a8 ‘1100-RS/SWK
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Table 8.3.5.13-8. Preliminary performance allocation for Issue 1.1 (page 2 of 2)

Release ~ System elements | ‘ fPerformance i
scenario Primary Primacy proceases neasure Tentative Needed

class . Pathway Primary barriers bacrier componenta or conditions (eeeM) * goal confidence

FAILURE OF UNSATURATED ZONE BARRIERS (continued)

-3 Water  Saturated zone; Saturated gone to zqulvalent-poioua- zer - <o0.01 nigh
: £8S snd residual boundacy of AE media transport . ‘ :
unsaturated zone {or dischacge with adsorptive
as backup pointa) retagdation
Gas None Mone - tone - High

P L : FAILURE OF SATURATED ZONE BARRIERS
) B o ) {doea not affect gas-phase releases)

p-1 Water Residual saturated zone ¢+ reaidual unsatu- tquivalent-porous- . (A4, < 0.1 Medium
‘ gated one, E£BS as backup media tranapoct '
. with adsorptive
. retardation
p-2 . " Watet fesidual saturated zons ¢ residual unsatu-  Equivalent-porous- EPPM <0.1 High
gated zone, E8S as backup ’ media transport R
with adsorptive

retacdation

sMaximum EPPM for esch event/procesa associated with scenario/class (see subsection on discussion of issue-resolution strategy

for Issuve 1.1). -
»gps = engineored batrrier system.
AL = accessible enviconment.
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processes, and features"; it appears formally in Equation 8.3.5.13-8.

Ideally, the value of the entire CCDF could be used as the performance

measure. To obtain such a value would, however, require that information for

all the scenario classes be available at the same time; for that reason, such \_)
a measure would not be useful or practical in guiding the site characteriza-

tion program toward acquiring the information needed for evaluating a single

scenario class. The EPPM is therefore used in the preliminary performance

allocation as a surrogate measure suitable for individual scenario classes.

The final resolution of this issue will be made in terms of the fu!l CCDF and

not the EPPMs, ' :

Column 7 shows:a tentative goal for each expected partial performance
measure; column 8 gives an indication of the confidence that the DCE expects
to need in licensing when it demonstrates that this goal has been met. These
measures of confidence are subjective, since models to calculate the EPPMs
for all scenario classes are not yet available, and considerable judgment has
been used in making assignments in columns 7 and 8. The use of tentative
goals and indications of confidence is explained in Section 8.1.2.2.

Except for the gas pathway in the first scenario class of Table
8.3.5.13-8, all entries in column 7 were made using the assumption that
fractional release rates of radionuclides from the engineered barrier system
(EBS) would not exceed the 10 CFR Part 60 limit of 0.00001 parts per year of
the 1,000-yr inventory. This may be an unrealistic assumption for the highly
soluble compounds associated with carbon, technetium, and iodine.

It is not possible to allocate performance of the total system for the
direct-release scenario classes (A-1 and A-2 in Table 8.3.5.13-3). However,
the estimates of the EPPMs for these scenarios that are in column 7 of Table
8.3.5.13-8 are conservative, particularly if the improbability of short delay k.,)
times before the occurrence of the initiating events is taken into account.

The delay-time probabilities have also been factored into the assignments in
columns 7 and 8 for some of the water-pathway scenario classes (C-1, C-2,
D-1, and D-2).

Tables 8.3.5.13-9 through 8.3.5.13-15 (performance-parameter tables)
-ist the parameters needed to evaluate the EPPM for the scenario classes and
the goals associated with these parameters. Table 8.3.5.13-17 lists param-
eters that support the performance parameters in these tables and are needed
to evaluate the overall CCDF. The eight performance-parameter tables give,
for each initiating event or process, the associated performance measure,
performance parameters, tentative goals, and confidence (current and needed).
These phrases are explained in general terms in Section 8.1.2.2. In these
tables, the performance measure is the EPPM specified in Table §.3.5.13-8.
The performance parameters are data and information that are required to
calculate or assess values of the EZOM for sach scenario class. The
tentative goals state quantitative or qualitative conditions on the value of
a performance parameter. Thése goals are not criteria that the site
repository or other parts of the Sys<em must meet; they are merely values
which, if met, are likely to lead t< achieving the quantitative goal for the
EPPM. In the confidence columns, c:rrent confidence is a measure of the
confidence on a scale of high (H), medium (M), and low (L), that currently
available data and information woulld su:fice to show that the goal for the
performance parameter could be met; the needed confidence column indicates,

8.3.5.13-92 1
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Table 8.3.5.13-9. Performance parameters for scenario class E (the nominal case) (page 1 of 3)

Performance
measure®

Performance
patametezb

Tentative
parameter goal

SCP section pro-
viding expected
parameter values

Current
confidence

Needed
contidence

EPPM for liquid
pathway, unsatu-
rated zone (UZ)
barrier only

~ EPPM for liquid

pathway, satura-
ted zone (S2)
barrier onlyd

q, - average flux

through R-area U2

n, - average effective
matrix porosity,
R-area U2

Ry - average chemical
retardation factor for
ith species

d, - average thickness
of R-area UZ between
repository and water
table

ry, - fractional mass
release rate from
engineered barrier
aystem (EBS) for ith
species

q, - average diacharge
in SZ under C-area

< 0.5 mm/yr

> 0.1

21

>100 m

< 10-4/yr,
all speciea°

< 32 mm/yr

None

3.9.2.1

4.1.3.3, 8.3.1.3

8.3.5.12, 3.9.1.2

8.3.5.10

None

Medium

Low

High

Medium

RHigh

High

High

High

Medium

Medium

>
3
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Table 8.3.5.13-9.

Performance parameters for scenario class E (the nominal case) (page 2 of 3)

SCP section pro-

Performance Performance - Tentative viding expected Current Needed
measure® parameter® parameter goal parameter values confidence confidence
EPPM for liquid n, - average effective > 0.1 3.9.2.1 Low Medium
pathway, satura- matrix porosity, ;
ted zone (S2) C-area, SZ2
barrier only _
(continued) R; - average chemical 21 4.1.3.3, 8.3.1.3 High Medium_
retardation factor
for itd species,
C-area, SZ .
d, - average length of > 5,000 m 3.6.4 Low Medium
flow paths through S2
from C-area to
accessible eanvironment
boundary
r; - fractional mass < 10~4/yx, 8.3.5.10 Low Medium
release rate from all species®
EBS for itk species
EPPM for gas path- Fraction of total Fraction < 1% 8.3.5.10 Low . High
3 carbon-14 iaventory of inveantory

way

that could be released at closure
as carbon-14 dioxide

0=RC/aA
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Table 8.3.5.13-9. Pettorménce parameters for scenario class E (the nominal case) (page 3 of 3)

SCP section pro-

Performance Performance Tentative viding expected Current Needed
measure® parameter® parameter goal parameter values confidence confidence
EPPM for gas path- Mean residence time of Show resi- None | Low High
way (continued) released carbon-14 dence time
dioxide in U2 units > 10,000 yr

*EPPM = expected partial performance measure; see aubsection on discussion of complementary cumulative

distribution functions and significant processes and events.
bp-area = the projection of primary area and extensions onto the surface; C-area = the controlled

‘area, i.e,, the actual area chosen according to the 10 CFR 60.2 definition of controlled area.

°The performance allocation for Issue 1.5 (engineered barrier system release rates, Section 8.3.5.10)
sets a goal for the fractional mass release rate from the EBS at 10-5 per yr to comply with the

performance objective in 10 CFR 60.113.
dperformance parameters and goals apply only if equivalent-porous-medna transport is valid in the S§2;

otherwise, the SZ cannot act as a backup barrier to water-pathway releases.
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Table 8.3.5.13-10. Performance parameters for scenario class A-1 (extrusive magmatic events)

SCP saection pro-

Performance Initiating Performance Tentative viding expected Curreat Needed sce
Reasure eveit Or process pacameter parameter goal parameter values coafidence confidence section
EPPH® Volcanic eruption Anaual probability of <10°¢/yr 1.5.1 Low Migh  8.3.1.8.1

penetrates reposi- volcanic eruption

tory and causes that penetrates the

direct releases to xepository

the accessible )

eaviconment Effects of volcanic Given occuzreace, 1.5.1 Low Madium 8.3.1.0.1
etuption peastrating show <0.1% of

sepositocy, inclu-
ding area of reposi-
tory disrupted

repository area
is disrupted with
a conditional
probability of

- <0.1 ot being
exceedad in
10,000 yr

SEPPM = expected partial performance measure; see subsaction on discussion of complementary cumulative distributica function

and significant processss and events.
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Table 8.3.5.13-11. Performance parameters for scenario class A-2 (exploratory drilling)
v ‘ : SCP section pro-

Performance Initiating - ' 'Performance Tentative viding expected Current Needed sce
measure event or process - patametar® parametec goal parameter values confidence contidence section
EppMR Exploratory drilling Presence and reada- >50% chance that None Low Mediem -0.3.1.9.1

intercepts a waste bility of C-area ' markers are read-
package and brings markers over next able over next
waste up with core 10,000 yr. 10,000 yr.
ot cuttings, ‘ , ‘ .
Bxpected drilling Expacted drillin? None Low Low None -
rate (no. of bore~- rate £ 3 x 10
holes per aquare boteholes per
kilometer per square kilometer
year) R-agea - per year
over the next
10,000 yr.
Distribution of No goal Hone Low Low None
depths of explora-
tory drillings.
Distribution of Mo goal None Low Low None

diameters of

exploratory drill

holes.

SR-area = the projection of primary area and extensions onto the surface; C-area = the controlled area, i.e., the actual area
chosen according to the 10 CFR 60,2 dafinition of controlled area.

BEPPM = expected partial performance measure; see subsection on discussion of complementary cusulative distribution function
and significant processes and events, . .
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Table 8.3.5.13-12.

Pet totmance Sustaating

Performance parameters fo
percolation flux through unsaturated zone) (page 2

Intermediate
peclormance Seasuce

C

r scenario class C-1 (local or extensive increasés in

of 2) .

‘ tartormance
parasetoc®

Tentative
pasenetar gosl

SCt saction pro-

seasute event s ptocess
0wen Uptitt or subsidence

tcun=- chanqges drainaqe,

tinued) thereby changing flux

Subsidence of mined
reposiItory crastes
impoundments OC
diverts drainage

Netuzal sucface-water
1mpoundments ace
totmed over access
shafts cunnecting
sutlace and roposi-
toey )

Extensive 1fcigation ip
conducted neac the
C-aged .

Ltacge scale surface-
water impoundments
ace constructed near
the C-ated

fadionuclide transport
tima theough UZ, given
tized UZ thickness,
gock hydrologic pro-
perties and geochemi-
cal propecties

Radionuclide transport
tima through UL, given
tized UL thickness,
tock hydrologic pro-
perting, and geochemi-
cal properties

RNadionuclide transport
time theough UT, given
tized UT thicknass,
rock hydrologic pro~
perties, and geochemi-
cal properties

Radionuciide transpost

time through UZ, given

Cized UL thickness,
rock hydrologic peo-
perties, nd geochemi-
cal propscties

Radionuc)ide transport
time theough UZ, given
tized U2 thickness,
rock hydcologic peo-
pecties, and geochemi-
cal properties

Probability of exceeding
30 m alevation change in
10,000 ye

Probability that continu- .

ously displaced surfaces
fzom subsidence originat-
ing st repository will
intecsect interface of
TSw and PTn units in
10,000 yt

Expected magnitude of
local flux change, and
quéntitative bounds on
magnitude of flux change,
dus to flooding through
access shafts

_Expected Craction of waste

containers which are sud-
ject to changed flux

Cxpected magnitude of
flux change due to
extensive fcgcigation

" neat C-area over nest
10,000 yc

Szpected magnitude of flux
change due LO presence
of an acrtificial lake
near the C-aresd in next
10,000 yc

€10°9 pet
10,000 yc

<10-¢

Show <25,000 =?/yx
would pass

through access

shafts

Show less than
0.018% of con-
tainers would be
subject to more -
than a 1008 flux
change cauged by
flooding theough
access shafts.

No goal (husan
activaty)

No goal (human
sctivity)

viding axpected Current Neaded sce
parameter values contidenca confidence section
1.1.3.3 Low Low 8.3.1.8
None Low Medium None
None Low Medium None
None Low Hedium None
Nona Mot appli- Mot appli- 8.3.1.9.3
cabla’ cable
None Mot appli- Mot appli- 8.3.1.9.
cadle cadle

OThw o T.popah SPIiw) welded unit,

definition of conteolled ares.

EPPM = eapected partial performance measuce; se

PTn = Patntbeush nonwelded unit; C-acea © the controlled screa, 1.0., ¢

¢ subsection on discussion of conple!.ntati cumulative distgibution functions and significant pr

he actual ares chasen according to the 10 cin 60.2

ocesses and svents.
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Table 8.3.5.13-13. Petfofmanée parameters for scenario

zone) (page 1 of 2)

laitiating

: SCP sectios pro-
Tentative

class C-2 (foreshortening of the unsaturated

Perlormince Intersadiate Pertucmance vidiag expected Curreant Needed sce
nassuce event Of process petlormance measuse parenater patamates goal paramater values coafidence comfidence aection
(170 Clisatic change causes’ Madionuclide traaspost Expected mignitude of Expacted magaitude 3.7.4, 2.9.0 Low High 8.3.1.%.2
_on incresse in altl-" tine thiough uasatu~ change in water-table of change in .
.tude of watec table cated 00 (U2), given lavel due to climatic witer-table alti-
: " tixed UZ gock bydro- © changes over the seat tude will aot
logic aad geochsaical 10,080 ye bring water
ptopasties table to within
100 m of reposi-
tory horisom ia
10,000 yc
Igneous intrusion Radionuclide transport Annusl probability of <10°9/yc 1.5.1 Low Hedium 8.3.1.8
Causes barrier to tiae thiough UZ, given sigaiticant igneous C
Clow o¢ thetmal fized U2 rock hydco- " inteusion within 0.9 km
effects that alter logic and geocheaics) ot C-atea® boundary
ustes-table level 'pzopnthq _ o
Barrier-to-Clow effects of  Eapected sagnit ude None Low Low 8.3.1.8
. igneous intrusions oa of change in
vater-table levels witer-table alci-
tuds will not
being water
tible to within
100 & of ceposar-
togy horitoa in
10,000 ye
Thermal effects of igneous ELapected magnitude Noae Low Low 8.3.1.8
intcusions on water-teble of changs i
levels water-table alti-
. tude will mot
bring wates
table to within
160 & of reposi-
tory hozison im
! 10,000 yr
Offset oa fault justs- Radioauclide transpoct Probability of total oft- <10} 1.3.2.2 Low Medium a.3.1.80 -
pOSEI Lriasaissive time theouwgh UZ, given ety >2.0 » in 10,000 ' ’
and nuntcanseissive tized UZ cock hydro- ye on faults within
uaits, gesulting in logic and geochemical C-aczea boundary
«ither the creation propetties
of & geeched aquiter Etfucts of fault ottsets Expected maguitule None Luw Low 8.5.1 ¢

Of 4 130 10 witer
table :

o8 wales-table levels

of change in
water-tavle alty~
tude wall au
bring water

table to within
100 & of geposs-
toty hogason ia
10,000 y¢

R d
"

T a9 ‘TT00-HC/J

"AsY ‘TT00-RO/EX

-
T
-




TOT-ET°S"E"8

Table 8.3.5.13-13. Pérformance parameters for scenario class C-2 (foreshortening of the unsaturated

zone) (page 2 of 2)

e —— -

SCP section pro-

C

Peclormance “Imitiating Intermediste Performance Tentative viding expected Current Mewded sce
sedsute event ot process pecforeance measuce pacssatec® parametes goal pecanetes values confidence contidence sectivn
(1] ] tpisodic changes in Radionuclide transport Probability that strain- <10-3/yx 1.3.2.3 Low Low 8.3.10
tcont inued) steain an the rock time through U2, given induced changes incresse .
mass due to faulting tized UT zock hydto- potentiometric level to
causes changes in logic and geochesical 3050 m mean sea level
vatec-toble level propesties
folding, uplift or Radionuclide transport Probability that repositocy <10°¢ per 10,000 yx 1.1.3 Low Low 8.3.1.%
subsidence lowees tine theough UL, given will ba lowecred by 100 &
repository with tixed U gock hydro- through action of fold-
respect to water 1ogic and geochemical ing, wplift, or sudbsi~
table properties dence in 10,000 ye
tatensive terigation Radionuciide transport Expected magnitude of ¥o qgoal (human None Mot appli- Mot appli- 8.1.1.9.)
is conducted ness time theough 02, glven change i altitude of activity) cable cable
the C-area tized Ot rock hydro- watee tadle under C-area
logic and geochenical dus Co eutensive icciga-
properties “tion nesc C-area over
nest 10,000 yr
Large-scale suclace- Radsonuclide transport Capected magnitude of No goal (humen None Mot appli-  Not appli- 8.3.1.9)
water 1mpovadasnts time through 0T, given change in water-tadle activacy) cable cable
ate constructed neat tized UZ cock hydco= leval under C-sraa
the C-ares logic and geochmical due to placement of
propecties actificial late neac
C-aces in nest 10,000 ye
Lxtensive sucface oC Radionuclide transport Expected magnitude of 80 goal (husan None Mot appli- Mot appli- 8.3.1.9.)
subsutface mning cime through 02, given change in watsc-tedle activity) ' cable cable
occurs nedr C-ared fized U rock hydeo- level under C~acaa due
logic and geochemica to mine water usdgs of
propacties : mine dewatering neac
C-azea in next 10,000 yr
Extensive ground-water Radionuclide transport Expected magnitude of Mo goal (human 3.8l Mot appli=- Mot appli- 8.).1.9.)
withdtaval occues time through 02, given change (n watec-table sctiviey) cadle cable

near C-aces

fized U2 cock hydto-
logic and geochemical
properties

level under C-area due
to estensive qround-water
withdrawal neac C-ares
in next 10,000 yt

SEPPM = sxpected pattial performance medsure;
5C-ares = Lhe conteulied ases, 1.8., Lhe actus

266 subseacti10n on discussion of cumplementary cusulative distribution function and signaficant procusses and events.
1 stea chosen according to the 10 CFR €0.2 definition of controlled ares.
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Table 8.3.5.13-14.

performance parameters for scenari
geochemical properties in the unsa

o clags C-3 (changes in rock, hydrologic, and
turated zone) (page 1 of 2)

SCP section pro-

Needud

scr

Pectormance Iastiatang tecformance Tentative viding ezpacted Current
"easute event 01 Process . petlommance measure pesimelec patasetes goal patasstar values  confidence conlidence sectiva
Event 1gneous intcusion Radionuclide transport Annual probebility of <10 ¥/yc 1.5.1 Low Mediua 8.3.1.8
causes Changes in tine thiough unsetu- wigaiticant igneous
rock hydsologic pro- zated 10ne (U2}, given intrusion within 0.5 ke
pasties tined thickness of U2 ot C-scea® boundacy
Eltects of igneous intsu- No significant None Low Low 8.3.10.8
sion oa locel perses- changas in : : .
bilities and effactive rock hydrologic
porasities propecties
Igneous intcusion fadionuclide transport Aanual peobability of <«0-%/yc 1.5.1 Low Medium 8.3.1.8
ceuses changes in tise thiough UZ, given sigaiticaat ignecus
rock gsochemical pro- tized thickness of U3 fateusion within 0.5 kam
perties of C-agea boundary
Effects of ignecus inttu- Potantisl changes None Low Lov 8.3.1.0
sioas oa local rock geo- in mineralogy will
chealcal propecties aot be satemsive
Eprsodic oflset on fadionuciide transpoct Annual peobability of <10-4/yc 1.3.2.2 " Low Medrum 2.2.1.8
tavits causes locsl tine through UL, glvea favlting events on
changes in tock fized thickness of Quatecnitry faults within
hydcologic propes- L' I 9.5 ka ol C-area boundery
ties, theateby desttoy- | . i .
1ng existing bacciecy tffects of tault motion on Chinge in fracture None Low Hediua 8.3.1.9
to flow, of csedting 1ocal permeadslisties and parmssbility is
new Conduits for eftective porosities less than & fac~
drainige of 2 and tracture
potosiLy decceases
Otlset on & fauit Radionuciida LEansport Psobabality of movement <10°%/yx per 1.3.2.2 Low Hedium 8.3.1.9
causes changes ia time thiough UZ, given withia 2 ha of sucface teult
movensat of geound tined thickness of VI and locatiocn of ’
watef thet result in Quetecndsy fLaults in
minetalogical changes C-ated
aloag the fault 3000
Degtes of mineralogic Advetse Changes in Noae Low Low 8.3.1.8
change in fault minecalogy will
zone ia 10,000 yc 0ot occut
Otfset on & fault Radionuclide transport Psobability of total off- <10-} 1.3.2.2 Low Hedium 8.1.1.0
chanyes poteatial © time thiough UZ, given suts 2.0 m in 10,000 yc
radionuclide travel tized thickness of UZ on Caults within 0.9 ke
pathway to one with of C-atea boundacy
diftesent geochesical
Ltfects of fault offsets Significant changes None Low Low 8.3.1.8

propesties

on travel pethway will not occur

C

. trwna oom
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Table 8.3.5.13-14. Pertomancé parameters for scenario class C-3 (changes in rock, hydrologic, and
geochemical properties in the unsaturated zone) (page 2 of 2)

SCP section pro-

Perlormance laitiating Tatermediste Pecfornance Temative viding expeacted Cuccont Needed sce
|easure eveamt Of process petforasnce messure posametor pasametec goal perametec values coatideaca confidence sectioa
(] 4o Changes in stress ot Radionnclide transport Eetects of changes of Changes in coa- 1.3.2.3 Low Low 2.3.2.0
tcon~ steain ia C-seea tine theouwgh UL, given steess ot steain on . ductivity ond
tinued) resuiting Crom epi- tfixed thickmess of U2 hydsologic properties of porosity of vock
sodic faviting, fold- the zock mass ’ |aane ase lese
ing or wplift cowees than a factors of 2

changen in the Pydeo-
logic proparties of

the gochk mass . .
Tectonic processes Radionuclide teansport Pegres of mineralogic _Mverse changes Hone Low Low 8.3.1.0
cause changes in time through US, given change in the contzolled in minecalogy will
grownd watet table tized thickness of W% acea rasuiting from aot occut
ot movesent that changes in water-tabdle
rasuits in sineca- level or Clow paths ia
logic chanyes in 16,000 y¢
C-3100
Latensive 1scigation is Radioneclide transpoct Lrpected magnitude of "o goal (human None Mot sppli- Mot appli- 0.3.1.9.),
conducted neat C-ated tisme through U2, given changes ia disteidbntion activity) cadle cable 9.1.1.3.
tized thickness of U2 coefticients, solubili-
. ties and chemical cesc-
tivity of the engineered . )
bascier system ang UL s
wnits due Lo enstensive
ieeigation neac C-aced
in nest 10,000 y¢
Latqe-9cele suclace fsdionuciide transpoct Expectad asgnitude of o goal (human Bone Mot appla= Not appla- 9.3.1.9)
watet ispuendments time through 0%, given changes in distribwtion sctivaty) cabls cabla 8.3.1.)
are constructed asac fized thickness of 02 coetticients, solubili- o
the C-aces tise snd chemical veac-
tivity of the sagiacered
boszior system and U
white due Lo presence of
on artiticel lake mesx
C-aces ia nest 10,000 yr
Exteasive surfacs oOf fRadionuclide traneport Expected magaitude of %o goal (human [ Mot appla- Mot appli- 8.).1.9.),
subsucface mining tims through U2, gaven changes in dsstiibution activity) cable cadble 8.3.1.),
occutd neac C-area Cized thickmess ot U2 coefficients, solubili- . .

ties and chesical reac-
tivity of the enginesced
battser system ond UL
units due Lo mining
activitias ness the
C-at0d in neat 10,000 yr

vo

*A3Y ‘TT00-WI/

00-RJ/diA
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SEPPM = aspected part 18] perfOrmance messura: 04 SubIECt10R On J13CuBIon of Complementaty cumulative distcibution functions and sigaificant processes and evemts.
SC-agea = the controllied sces, 1.0., tha actusl ares chosem #ccording tO the 10 CFR 60.2 asfimition of coatgoliad acea.
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Table 8.3.5.13-15. Performance parameters for scenario class D-1 (appearance of surficial discharge
points within the C-area®; foreshortening of the saturated zone) (page 1 of 2)

SCP section peo-

Petlotmance Initiating Iatesmadiate Peziomance Teatative viding espected Cucsont Needed e
asdsute eveal of piecess petlosasnce msasute pasanateor pétenstes gosl posanater valuas coalideace coalideace sactiua
sen Climate change caused Radionuciide transpott Szpacted locatioas of sut= Taat 8o suslicial Noae Low Medium 8.3.0.%.2
appsssance of sug~ tine thsough UI, Cicial dischacge polats dischasge polats .
ticlal dischasge givea fised 838 gock withia C-azes over aast . could appeac
poiats vithia C-aten hydsologlc aad geo~ 10,000 y¢ within C-atea
peopectios given & wates
table tise
<160 »
Igasous intzusion Radicauclide tesnspott Aanual ptodability of <10-%/y¢ 1.5.1 Low Medium 8.3.1.8
Cauaed batcier o time thicugh satusasted sigaiticant ignecus :
tlow ez thotasl 0ns 181), given tised tatsusion vithan 0.9 kn
offects that altes $% sock hydtologic ol C-agea bouadacy
wates-tedle lovel and geachasical . '
ptopesties Sdccioc-to-fiow elflects Show water table Hone Low Low 8.3.1.0
of igaeous intrusions will not sise
oa sstes-teble lasels o within 160 m
ol seposstoty
Mrisue a
18,600 ys
Themmal eolleacts of Ignecus Shov water table Noas Low Low 8.2.1.8
iatsusicas oa wates~ will oot clse
table levels to within 130 »
ol cepository
hocizon in
16,000 ye
Offset oa fault fusta~ Radioauclide tsanapost Pzobabllity of total oft- <ot 1.).2.2 Low High 8.).1.9
poses tisasaissive time thiough 33, givea sets >1.0 = an 10,000 .
and noatcanmmiasive fized 83 tock bydeo- ye on Csults within 0.9
usits, sesuiting la logic aad geochamical ka of C-dted boundasy
eMthes the cisation peopatties -
of & peiched aquilec Eftects of tavit olffaet Show water table Mone Low High 6.3.3.0
of & gisze fa the 0a water~table levels uill not ziee )
wates table to -uu: 160 » ~
of sepasitosy ’
hcisen Lo 9
10,000 ye S
Eprsodic changes in Radioauc] ide Lzansport Probability that straan- <10-%/yc 1.3.2.) Low Low 8.3.1.9 S
steainm 18 the fock Lime thiough 52, given induced changes i1ncrease e
nase due to faulting fased S gock hydso~ poteaticmetsic level to. e
Cause Crenged I8 logsc and geochemscal Qreatec than §%0 & asan o
wates-tanle level propectses 20 level 'Y
<
'.J
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Table 8.3.5.13-15. Performance parameters for scenario class D-1 (appearance of surficial discharge
points within the C-area®; foreshortening of the saturated zone) (page 2 of 2)

SCP section pro-

Pastormence Inttioting Interasdisne Petformance .fguctlu viding espected Current .Weeded sce

ssasure avent of process perlormance Bessuce pacanster paramster goal posametar valuwes contidence coalidence section

wm Folding, wplift, or Redionuclide transport Probabllity thet ceponi- <)o-¢ 3.1.0.3 Low Low 0.3.1.8
tcont inued) sudbsidence lowecs time through 52, givea  tory will De lowered by
repository with ces~ Cined S% gock hydro- 100 m theough action of
pect Lo wates tedle logic and geoschemicsl foldiag, wplift, or sub-

. propectios sldence ia 10,000 yo
6C-ar0a ~ Lha conteolled area, {.0., tha actus) aces chosen ucocdll;g to the. 10 CFR 60.2 definition of controlled ares. :
S2PPN = oxpected pactisl perforsence messurs; 008 subsection o discession of complementacy cunulative distzibution fuactions and signilicant processes and eveats.
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Table 8.3.5.13-16.

.. Performance parameters for scenario class D-2 (increased head gradients or changed
rock, hydrologic, or geochemical properties in the saturated zone) (page 2 of 2)
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Table 8.3.5.13-17. Supporting parameters needed to evaluate the nominal case and as baseline data for
the disturbed cases (page 1 of 6)
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Table 8.3.5.13-17, Supporting parameters needed to evaluate the nominal case and as baseline data for
the disturbed cases (page 2 of 6)
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Table 8.3.5.13-17. Supporting parameters needed to evaluate the nominal case and as baseline data for

the disturbed cases (page 4 of 6)

Lateral spa- :
fssue § 1 tial loca- ®nit SCP section pro-
calculstion using Suppott ing paraset et tion whege where viding espected Charactecization Cursent Needed sce
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Table 8.3.5.13-17. Supporting parameters needed to evaluate the nominal case and as baseline data for
the disturbed cases (page 5 of 6)

Lateral aps-
Issue 1.} tiad loca- Wait SCP section pro-
calculation using upposting pa Lee tion whete whese viding sapected Chazactezisstioa Current Neodud scr
suppost ing pasasetes® sceiption Modlties neoded® neesded® peraseiet values goale coatidence® coalideace® sectioa
Soutce tarm ~ laguid and  Contslnmest tise of As & tunction of R-azed KOst soch Hone »nv Lt N 9.).5.9.4
ghe-phise telesses from S kiad of waste position fa
vaste pichiges .0, Cine sepoaltosy, it
fcoatinuad) after closute ot astessaty
which diquids would
Save fies access L0
waste fosm
fost~contdinnent mase Waste foim to . R-ales Most zock 7.4.3.1.4, .,V L.L (W] $.1.5.10.¢
. selesse tote fiom Liquid phase; 7.4.3.2.3 Al3o show mean
. n 2*® kind of weate sspected coa~ telesse rates
P ) pochige ditions; it fot C, Tc, aad
‘ ' ascessary, a8 & 1 ate less than
function of;: 10°% of 1008-y¢
tias siace iaveatory
closuse, posi-
tioa in ceposi-
tory, petcols-
tica fluz at
sepositosy
level
Mass celease zate of Maste fotm tO @ R-ates Host gock 7.4.3.1 -V L.L [ W] §.3.9.10.4
casboa~ld in a gas gas phase; ple- Als0 show that
phase Liom the k¢H and post~ fractioa of
kiad of waste pack- cont dinment : C-13 faventory
890 pesiods; if that could be
RecCessaly, o9 teladsed i
& (uactica of: Qas phase 13
tine 3iRCE ' lass thaa 1%
T closuse, posi-
tion in the
‘ sepositosy .
Bagradation cetes of Aabient coadi- A-ates Most cock 7.4.3.1.8, v L L M $.3.9.10.)
waste form in the ticas (i.e., : 1.4.3.2.%
&S hind of waste satusal water
pachage chanistey

associated with
sepositosy host
sock)
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Table 8.3.5.13-17. Supporting parameters needed to evaluate the nominal case and as baseline data for
the disturbed cases (page 6 of 6)

Latecal spa-
Sasue 1.1 ) tial loca- Wit SCP section pro-
calculation weing Suppott ing pasamet ot tion whate whete viding erpected Charactazizstion Cusgont Needed sce
supporting parameter® Desceiption -, Hodifler ded® ded®  pacanetes valuwes gosl® confidence® confidence® section
Sousce term = liquid and Mazimum conceatration In genecal, for f-area Host sock None »,v LL [ A} 0.3.5.10.)

gasephase teleased of chemical species the gadionu-
fron woste packages associsted with the elides lined
(cont inved) i*» gadionuclide in tadle

{i.0., soludilicy 0.3.5.10-4,

finits) asbient condi-

tions

0L o wasstuzated o¢ partially satureted z0ne; St o patursted sone, ’ : :

bpotation for indicating the variouws ateas or sones 4 the repositary: R-area = the vertical projection of primary repository area and extensions: C-area = the
controlled area, i.a., tha actudl ares which §9 chosen according to the 10 CTR Part 64 detinition of controlled area. .

0vb = ovecbusden; i.a., all Mydrogeologic units sbove repository floor; Ui-waits = ail hydrogeologic units below repository floor dwt sbove wstes table; St-umits =
a1l hydrogeologic waits Delow wetec tadble which are included in the effective thickness of the satursted zone. !

“poration for statistical desceiprors: M = mess velwe; v » wvaciance; a = auwtocotrelation leagth. Tn general, these descriptots are used for spatially varying
qulntl:h:. a::‘: and v wil] alse be used to indicate mean and vaciance of a sColar random variable; tha supporting patameter being described should make cleat which
usage 19 inte . . )

oL @ low, N = medium, N = high, and MA = not applicadle. )

fgttective porosity, sometimes colled the kinemstic pocoesty (see pp. 24-23 of DeMacorly, 19¢6).
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on the same scale, an assessment of the confidence needed to estéblish in a
formal licensing action that the goal for the performance parameter has been
met. _

5. Summary of licensing and issue-resolution strateqy for Issua 1.1

A nine-step program for providing the documented analyses and
calculations for resolving Issue 1.1 is outlined in Table 8.3.5.13-18.

Table 8.3.5.13-18. Licensing strategy for resolving Issue l.ll(total
system performance)

Step Description
1. Identify relevant Generic lists of phenomena potentially leading
phenomena to releases from a geologic repository (IAEA,
leading to 1983a) are used together with site-specific
releases information to single out those phenomena

that are relevant to the waste-disposal system
being considered.

2. Identify poten- Relevant pnenomena are examined in the light
tially signif- of being possible initiators or promoters of
icant events release scenarios. The implications of thae
and processes site-specific frequencies and magnitudes,

insofar as these are known for the integrity
of each of the system’s barriers, are

explored.
3. Identify release Events, processesirand conditions identified in
scenarios step 2 are chained together to form scenarios.

The construction of chains is constrained by
physical causality and evidence concerning the
likelihood of occurrence of events and proces=
ses that form the chain (in other words,
screening against probability may occur in
this step). The result of this step is
usually a large number of potential release

scenarios.
4. Identify scenario All release scenérios idéntified in step 3 are
classes examined and, by judgment, assembled in

classes, each class being amenable to formu-
lation as a single mathematical model. The
result of this step is usually a moderate
number of scenario classes that, after being
put in mathematical form in step 5, can be .
screened against consequences in step 6.

8.3.5.13-114

-
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Table 8.3.5.13-18. Licensing strategy for resolving Issue 1.1 (total

system performance) (continued)

Step

Description

5. Construct scenario

class models

6. Eliminate incon-
sequential
scenarios

7. Construct total
system

Mathematical models of the scenario classes

identified in step 4 are constructed. The
independent variables of each model are those

| state variables needed to determine initial

conditions, boundary conditions, and any
time-dependent forcing functions that appear

~in the scenario class; the dependent variable

(the output) of each model is the partial
performance measure for the scenario class

-associated with a particular choice of the

class’s independent variables.

Release scenarios or even whole scenario classes
may be eliminated from set of exceptional
“scenarios by screening against relative or

absolute consequences. If necessary, the

‘models that survive screening against conse-

quences may be simplified in this step by
elimination of insensitive independent

- variables (sensitivity analyses).

Simplified mathematical models resulting from

step 6 are implemented by efficient computer
codes that can be combined in a single
calculational model under the control of a
driver routine. The driver routine must

-~ provide independent variables for each sub-

model, direct a simultaneous calculation of
the partial performance measure for each
submodel, and sum the resulting partial
performance measures to obtain a value of the
total performance measure, M, for a system;
the driver routine must also select indepen-
dent variables for the submodels by Monte
Carlo sampling from the joint probability -
distribution of state variables for all ‘

 submodels. The form of the joint probability

distribution of state variables, and the
ranges of those state variables, will inevita-
bly be determined by judgment. Wherever
possible, judgment will be enhanced and
supplemented with site specific actuarial data
concerning magnitudes and frequencies of the
phenomenon that determine the state variables.
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Table 8.3.5.13-18. Licensing strategy for resolving Issue 1.1 (total
system performance) (continued)

Step Description
8. Construct an ' The computer-implemented simulator assembled in
empirical ' step 7 is used to generate sample values of
complementary -~ the total performance measure M. By repeated
cumulative ‘ . sampling, a large number of samples can be
distribution oo generated and used to construct an empirical
function (CCDF) : CCDF or as a data set to which standard

statistical methods for estimating likelihoods
with given confidence bounds may be applied.

9. Document results The logic and data bases supporting the analyses
.. for steps 1 .to 4, the rationales for the
models developed in steps 5 to 7, and the
~results of the CCDF calculations in step 8
are all documented and presented as evidence
that the proposed waste disposal system will
meet the proposed 10 CFR 60.112 and 60.115
r:qgiremgnts. thereby resolving Issue 1.1
(8.3.5.13).

The logic of issue resolution is diagrammed in considerable detail in
Figures 8.3.5.13-6A through 8.3.5.13-6G. The list and logic diagrams comple-
ment one another and both are shown in enough detail to be self-explanatory.
Most of the elements, processes, and factors that appear in the list and
logic diagrams are defined and explained in Part 1 (Methods for constructing
a CCDF) and Part 2 (A preliminary selection of events, processes, and
scenario classes for the Yucca Mountain repository site) of this overview.

Interrelationships of information needs

Sections 8.3.5.13.2 through 8.3.5.13.5 address the information and tasks
needed to complete the nine-step program. Section 8.3.5.13.2 (Information
Need 1.1.2) covers the required information and activities for step 5, the
construction of scenario-class models. Section 8.3.5.13.4 (Information Need
1.1.4) covers required information and activities for step 6, the screening
of scenario classes on the basis of consequences, and for the process of
constructing the simplified scenario-class models to be used in completing
steps 7 and 3. Finally, Section 8.3.5.13.5 (Information Need 1.1.5)
addresses construction of the total-system simulator (step 7) and the
empirical CCDF (step 8). The activities and schedules necessary for the
preparation of licensing material (step 9) are also addressed in Section
8.3.5,13.5. Section 8.3.5.13.1 (Information Need 1.1.1) is a summary of all
data and information called for in Information Needs 1.1.2 (8.3.5.13.2)
througn 1.1.5 (8.3.5.13.5).
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8.3.5.13.1 Information Need 1.1.1: Site information needed to calculate
releases to the accessible eanvironment

Technical basis for addressing the information need

Link to the technical data chapters and applicable support documents

Section 8.3.5.13 discusses the complementary cumulative distribution
function (CCDF) and significant processes and events, summarizes the issue
resolution strategy, and discusses the performance allocation for Issue 1.1.
. Applicable support documents include Ross (1986) (scenario selection),

Klavetter and Peters (1986), and Wilson and Dudley (1937) (flow and transport
through porous, fractured rock).

Parameters

~All information and data requested in this information need are speci-
fied in Tables 8.3.5.13-8 through 8.3.5.13-17 and discussed in the text of
the preliminary performance allocation.

Planned performance assessment activities

No performance assessment activities are planned.

8.3.5.13.2 Information Nee&'l.l.Z: A set of potentially sigqnificant release

scenario classes that address all events and processes that mav
affect the geolegic repository

Technical basis for addressing the information need

Link to the technical data chapters and applicable support documents

Section 8.3.5.13 discusses the interpretation of significant processes
and events and disruptive scenarios for the Yucca Mountain repository site.
In Table 8.3.5.13-18, Step 3 describes the identification of potentially
disruptive scenarios and Step 4 describes the identification of scenario
classes. Applicable supporting documents include DOE (1986a,b) and Ross
(1987) (preliminary identification of release scenarios).

Parameters

i

- The parameters for this information need aze

1. Information and data on, and interpretations of, site-specific
phenomena from the Yucca Mountain Project environmental assessment
(DCE, 1986b) and its supporting references and documents.

2. Data and interpretive information to be supplied through the ful-
fillment of other performance and characterization issues. See
Tables 8.3.5.13-9 through 8.3.5.13-17 for performance and supporting
parameters. ' S
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Logic

All data and interpretive information arising from the resolution of the
Yucca Mountain Project site characterization program are potentially relevant
to the identification of release-scenario classes at the Yucca Mountain
repository site. But in advance of obtaining these data, and for the purpose
of guiding site characterization activities, one must proceed with scenario
identification using the data and knowledge bases established during the pre-
paration of the Yucca Mountain Project environmental assessment (DOE, 1986b).
On the other hand, once site characterization work is well advanced, the
interpretations and decisions originally considered for the purpose of initi-
ally guiding site characterization activities must be reexamined in the light
of new dat2 and information. Accordingly, there are two phases of work to-
ward fulfilling this information need: (1) a preliminary phase, in which
current data and interpretive information are used to construct potentially
significant release scenario classes, and (2) a final phase, during which the
preliminary scenario classes are modified, supplemented, .dropped from con-
sideration, or reconsidered if they had been previously dropped but warrant a
second examination on the basis of new evidence. The logic of phase 1 is
described in the following paragraph. :

In the preliminary phase, the phenomena identified in the environmental
assessment as being significant at the Yucca Mountain site are compared with
generic lists of world-wide natural processes, events, or conditions that
have been thought to influence the long-term performance of geologic waste
disposal systems (for examples of such lists see Table 2.3.1 in Campbell .. =
et al. (1978); or IAER (1983a)). 'Those natural processes or events in the
generic lists that are either manifestly irrelevant to the context of the
Yucca Mountain site (e.g., sea-level rise and glaciation) or have had
demonstrably minor effects on site characteristics during the Quaternary
(e.g., meteorites, hurricanes, and root penetration) are eliminated as poten-
tial ingredients of disruptive scenarios. In a similar fashion, features of
the site and the repository design, and available estimates of the effects of
repository excavation and waste emplacement on site characteristics are
compared with anthropogenic processes and events in the generic lists and
eliminated as being either irrelevant (e.g., brine-bubble migration) or
insignificant. This elimination process leaves a set of natural and anthro-
pogenic processes and events that, in the absence of further information, may
be considered to play roles in changing the nominal performance of the total
system (e.g., climatic change, seismic events, volcanic activity, erosion,
dissolution of the host rock, undetected geologic features such as mineral
resources near the site, subsidence, and permanent thermal changes in rock
hydrologic and geochemical properties).

The processes and events that are determined to play potential roles in
release scenarios are then subjectively arranged in series, and an attempt :s
made to discover the effects of realization of each series on the performance
of one -or more of the isolation barriers for the total system., This part of
the analysis is necessarily subjective because the number of series formed in .
this way could be astronomical if the intuition and knowiedge of the analyst °
is not applied to reduce the number of possibilities to a manageable size.
Two nonsubjective principles may, however, be used at this point to guide the
=crmation of the series: (1) the princisle of causality (i.e., certain
chains of events and processes are not possible because one or more event or
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process upstream in the chain is logically antecedent to others downstream in

the chain), and (2) the fact that long series of events or processes are

unlikely to be realized in the 10,000-yr period being considered (e.q.,

events with even a modest probability--chances of 0.1 or less in a 10,000-yr
period--will compose an unlikely series if there are more than four of them Y
in a serial chain). 1In addition, certain short series of events may be -)
eliminated on the basis of probability at this point if there is sufficient

evidence that the initiating event or gquiding process is improbable (in the

. sense of not exceeding the 0.0001 cutoff probability threshold in 10,000 yr).

Using the kinds of reasoning and analyses indicated previously, Ross (1987)

has identified 84 series of events and processes that could cause or influ-

ence releases of radiocactivity to the accessible environment that have the

potential of adding to nominal-case releases. -

As seen from Ross (1987), the results of the kinds of analyses previ-
ously indicated is a large but finite number of sequences of events and ,
processes that must be further organized into scenario classes to efficiently
begin construction of the mathematical models of those classes. In turn, the
mathematical representations of the scenario classes are necessary to deter-
mine each class’s consequences and also to enable screening of each class
against relative consequences. A preliminary organization of scenario -
classes is shown in Table 8.3.5.13-3. L

8.3.5.13.2.1 Performance Assessment Activity 1.1.2.1: Preliminary identifi-
' cation of potentially significant release scenario classes -

The objective of this performance assessment activity is to prelimi-
narily identify significant release scenario classes for the purpose of
determining data and informational needs that must be supplied by the Yucca K.,)
Mountain Project site characterization program, This activity includes two
subactivities. ‘ ' R '

8.3.5.13.2.1.1 Subactivity 1.1.2.1.1: Preliminary identification of poten=-
: o ‘tially significant sequences of events and processes at the
Yucca Mountain repository site , :

-

Objectives 

The objective of this subactivity is to identify a set of causally
related, apparently probable sequences of events and processes, any member of
which, if realized, could cause or influence releases of radiocactivity to the -
accessible environment at the Yucca Mountain site in excess of nominal-case
releases. a

Parameters

See the general parameters listed previously for Information Need 1.1.2.

8.3.5.13-125



YMP 'TM-0C1l, Rev. - : IMB/CH-0C1L, Zev.

Description

* See the general logic discussion given previously for Information
Need 1.1.2. - ' : ‘

8.3.5.13.2.1.2 Subactivity 1.1.2.1.2: Preliminary identification of
potentially significant release scenario classes

Objectives

The objective of this subactivity is to preliminarily identify a set of
significant release scenario classes for the purpose of determining data and
informational needs that must be supplied by the Yucca Mountain Project site
characterization program. -

Parameters ‘

The parameters for this subactivity are the sequences of events and
processes identified in Subactivity 1.1.2.1.1 plus the information, data,
interpretations, and calculational models related to site-specific phenomena
from the Yucca Mountain Project EA (DOE, 1986b) and its supporting documents.

Description

This subactivity has been completed, and the results are summarized in
the section on approach to resolving this issue.

8.3.5.13.2.2 Performance Assessment Activity 1.1.2.2: Final selection of
significant release scenario classes to be used in licensing
assessments o

Obijectives

The objective of this performance assessment activity is to use data and
information obtained in the Yucca Mountain Project site characterization
program to modify, if necessary, the set of significant release scenario
classes developed in Activity 1.1.2.1 and in the preliminary phases of work
fulfilling Information Needs 1.1.3 and 1.1.4 (Sections 8.3.5.13.3 and
8.3.5.13.4). :

Parameters
All data and information that cbuldvarise during the site characteriza-

tion program are potential parameters. The tables in the introductory
material of this section give the requested data and information.

Description

Only examples of possible study topics can be given. Work in fulfill-
ment of Information Need 1.5.4 (Section 8.3.5.10.4) may show that release
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rates of radionuclides from the engineered barrier system are orders of
magnitude less than the regulatory rate under unanticipated conditions in the
repository. In such a case, certain scenario classes in Table 8.3.5.13-3
would be screened again and possibly eliminated. Work in fulfillment of .
Information Need 1.1.3 (Section 8.3.5.13.3) and Investigation-8.3.1.5.2 may
indirectly indicate that delay times for climatic infiltration pulses are
long compared with 10,000 yr. 1In such a case, certain scenarios in class C-1
in Table 8.3.5.13-3 could be dropped from consideration. Similarly, two-
dimensional calculations of transient flow.in faulted zones, when combined
with predictions of the effects of tectonic activity on hydrologic character-
istics (from Investigation 8.3.1.8.3), may indicate that certain scemarios in
class C-3 in Table 8.3.5.13-3 can be dropped. On the other hand, the devel-
opment of evidence that colloids play a significant role in radionuclide
transport (in fulfillment of Investigation 8.3.1.3.5) could force a modifica-
tion of the transport equations used to screen scenario classes in Informa-
tion Need 1.1.3 (Section 8.3.5.13.3), and a reassessment of all scenario .
classes involving releases along the water pathways. Finally, the develop-
ment of evidence for future, inadvertent human activity on or near the site
may lead to the reconsideration or augmentation of the direct-ralease
scenario classes such as Class A-2 in Table §.3.5.13-3.

8.3.5.13.3 Information Need 1.1.3: Calculational models for predictin
releases to the accessible environment attending realizations of
the potentially significant release-scenario classes

Technical basis for addressind the information need

Link to the technical data chapters and applicable support documents

The introductory discussion of Section 8.3.5.13 develops disruptive
scenarios for the Yucca Mountain repository site and addresses the topics of
gas-phase releases and calculation of releases through the water pathways.
In Table 8.3.5.13-18, Step 5 discusses the construction of scenario-class
models. The supporting documents are DOE (1986b), Sinnock et al. (1986)
(calculational models used in Section 6.4.2 of the Yucca Mountain Project
environmental assessment), and Wilson and Dudley (1987). ,

Parameters _
The parameters of this information need are

1. The release-scenario classes identified in the preliminary phase of
work fulfilling Information Need 1.1.2 (Section 8.3.5.13.2).

2. The same rock hydrologic properties that are needed to resolve the
ground-water travel time issue (Information Need 1.6.1, Section
8.3.5.12.1), but extended to include rock hydrologic properties for
overburden units. See Tables 8.3.5.13-9 and 8.3.5.13-17 and
parameters for Information Need 1.6.1 and Investigations 8.3.1.2.2
and 8.3.1.2.3.
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3. Data and interpretzve information concerning rock and ground-water
geochemical properties, with emphasis on the properties of rock
units and ground water below the repository horizon; also, the
effective retardation of carbon dioxide by isotopic exchange with
ground water in the overburden units of the unsaturated zone. See
Tables 8.3.5.13-9 and 8.3.5.13-17 and parameters from Investigations
8.3.1.3.4, 8.3.1.3. 5 8.3.1.3.7, and 8.3.1.3.8.

4. Definition of the boundary of the engineered barrier system, and
release rates of radionuclides from the engineered barrier system
for nominal and disturbed conditions in the repository. See Tables
8.3.5.13-9 and 8.3.5.13-17 and parameters from Information Need
1.5.4 (Section £.3.5.10).

5. Preliminary estimates of the kind and nature of human-intrusion and
magmatic-intrusion events. - See Tables 8.3.5.13-10 and 8.3.5.13-11
and parameters from Investigations 8.3.1.8.3 through 8.3.1.8.5 and
8.3.1.9.3.

6. Calculational models of transient flow in the unsaturated and
saturated zones capable of predicting time-dependent specific
discharge in at least two dimensions. See the introductory material
toBthrs section and parameters from Information Need 1.6.2 (Section
8.3.5.12.2).

7. Calculational models of transport of dissolved species in the unsat-
urated and saturated zones capable of predicting time-dependent
mass-flux fields in at least two dimensions. See the introductory
material to this section and patameters from Investigation
8.3.1.3.7.

8. Final conceptualbuodels'ofrthe uusaturated and saturated zone
hydrologic systems. See the introductory material to this section
and parameters from Investrgations 8.3.1.2.1, 8.3.1.2. 2, and
8. 3 1.2, 3

9. Final conceptual models of the unsaturated and saturated zone
geochemical systems, including geochemical effects on gas-phase
transport. See the introductory material to this section and
‘parameters from Investigations 6.3.1.3.7 and 8.3.1.3.8.

Logic

The release-scenario classes identified in the preliminary phase of work
fulfilling Information Need 1.1.2 (item 1 in parameter list) are listed in
Table 8.3.5.13-3, Mathematical models of these release-scenario classes are
the product of this information need. The models are needed (1) to screen
the scenario classes against consequences, and (2) provided that the scenario
class survives screening against consequences, to serve as a basis for con-
structing the simplified mathematical models required for-the construction of
the complementary cumulative distribution function (CCDF) in fulfillment of
Information Need 1.1.5 (Section 8.3.5.13.5). The screening of scenario-class
models against relative consequences, anZ the construction of simplified
scenario-class models based on the preiiminary models developed in this
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information need, are studies to be conducted in Information Need 1.1.4

(Section 8.3.5.13.4). There are two phases of work toward the construction

of scenario-class models: (1) a preliminary phase in which current data and

interpretive information are used to build and test the models, and (2) a

final phase in which data and interpretive information arising out of the .
site characterization program are used to justify modifications or replace- x,,l*
ments of existing models, or the construction of entirely new models. The

logic of phase 1 is emphasized in the discussion that follows.

As shown by the grouping of release-scenario classes in Table
8.3.5.13-3, at least four distinct kinds of models are needed to calculate
releases to the accessible environment: (1) those that predict radionuclide
releases along water pathways, (2) those that predict gas-phase radionuclide
releases, (3) those that predict releases associated with intrusive or
extrusive magmatic events, and (4) those that predict direct releases
associated with inadvertent human intrusion (here, inadvertent exploratory
drilling on the site). . - s

Water-pathway models. The Total System Performance Assessment Code
(TOSPAC), which is under development (Klavetter and Peters, 1386), is
currently the major "workbench® for the development of the phenomenology of
water-pathway models that apply to Yucca Mountain conditions. As implied by
its name, the TOSPAC is capable of simulating the static and dynamic response
of a one-dimensional conceptual model of the total waste-disposal system at
Yucca Mountain. This is done by the coupling of three submodels (or
modules): (1) a flow module, that can predict time-dependent, specific-
discharge fields in the unsaturated zone given surficial infiltration rates: -~
(2) a source term module, that supplies mass flux or concentrations of
liquid-phase radionuclides in the host rock near the repository given
radionuclide release rates from the engineered barrier system (EBS); and
(3) a transport module that solves the transport equations for coupled
matrix-fracture flow (see Equations 8.3.5.13-12 to 8.3.5.13-17 in the </
introductory material to this section) in the unsaturated zone and computes
cumulative releases to the water table, given the flow field from the flow
module and the boundary concentrations from the source-term module. The
TOSPAC currently has no modules for flow or transport through the saturated
zone; these phenomena are being investigated with the ISOQUAD code (Pinder,
1976). e T ‘ 1

In spite of its limitation to.one dimension, the TOSPAC can still be
used to screen some of the water-pathway release scenarios in Table
8.3.5.13-3 against consequences. The code has already been used to show
(1) that transient flooding from surficial sources may have little effect on
repository performance and (2) that increases in fracture density will have
no effect on repository performance in the absence of extreme climatic
changes. Items 1 through 4 in the parameter list will be needed to provide a
rock-property data set for these TOSPAC calculations.: The screening of some -
other water-pathway release scenario classes in Table 8.3.5.13-3, namely in
C-1, D-1, and D-2, will definitely require two-dimensional models of flow an
transport of the kind mentioned in items 6 and 7 of the parameter list. . °
These two-dimensional models will also be used to validate tha phenomenology
incorporated in TOSPAC’s flow and transport modules (i.e., the neglect of -
norizontal flow paths and transport along those paths). R
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It is very likely that the TOSPAC and the phenomenology that it contains
will require substantial modification after the "ground truth® of the site
characterization program is established. 1Items 8 and 9 in the parameter list
will be required to assess ‘the changes that must be made in the systems-level

Models of gas-phase releases. The signxficénce df gas-phase release of

‘carbon-14 has only recently become apparent, and no models for transport of

carbon-14 dioxide from the repository through overburden units have so far

‘been developed within the Yucca Mountain Project. An adequate general theory
- of carbon-14 transport is presented in the introductory material to this

section; -however, applicatlon of that theory to the Yucca Mountain setting
would seem to require considerable study of hydrologic, gas-phase hydraulic,
and geochemical properties of the overburden units. For that reason, thought
should be given to balancing complexity and cost factors associated with

site characterization studies with complexity and cost factors associated
with engineered barrier system performance and design, because these factors
relate to models of gas-phase, carbon-14 releases. The parameters required
by systems-level models for gas-phase transport would include both the effec-
tive diffusivity of carbon dioxide and the effective retardation factor for
carbon-14 dioxide because of isotopic exchange, each as a function of depth
within the overburden units. The latter quantity is requested in item 3 of
the parameter list. The effective diffusivity of carbon dioxide might be
inferred from final results of experiments being conducted in partial
fulfillment of Investigation §.3.1.2.2.

While the general model of carbon-14 transport may predict travel times
shorter than might be expected on the basis of experimental measurements, it
is judged to be useful for present purposes of identifying parameter needs
because it tends to produce conservative results. As an alternative to a
full transport calculation, a simpler systems-level model of gas-phase
releases might be devised; use of this model would require estimates of the
mean and standard deviation of residence time of carbon-14 nuclei in the
repository overburden. Either modeling technique requires specification of
the release rate of carbon-14 dioxide from the engineered barrier system, a
quantity that is called for in item 4 of the parameter list. However, that
release of C-14 is limited at the waste container and at the engineered
barrier system boundary to satisfy the requirements in 10 CFR 60.113.
Depending on the containment strategies, including alternatives adapted for
the waste package, the C-14 source term for the total system may be
significantly changed. For example, if all the fast fraction of C-14 were
released before waste emplacement, no consideration of C-14 transport would
be necessary for the total system performance assessment in Issue 1.1.

Models of releases through basaltic volcanism. The mathematical model
for predicting the consequences of tasaltic volcanism developed by Link et
al. (1982) can be modified and used 9 estimate cumulative releases to the
accessible environment attending the realization of such events at Yucca
Mountain. The work by Link et al. (1282) was specifically applied to Yucca
Mountain, but the conceptual and data nases may be outdated, and a request is
made for the most current concepts and data in item S5 of the parameter list.
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Models of releases through human intrusion. A calculation of an upper
bound to the consequences of inadvertent exploratory drilling on the Yucca.
Mountain site during the next 10,000 yr is described in the introductory -

-material to this section, along with a brief discussion of other types of
human-intrusion scenarios that might be realized at that locaticn. The model
implicit in the calculation is easily put into mathematical terms. The state
variables for the model include (1) the mean recurrence time between penetra-
tions (current quidance in Appendix B of 40 CFR Part 191 sets a limit on the
penetration rate of 0.0003 penetrations/km? per yr), (2) the depth of pene=-
tration (and the attending probability distribution), and (3) the diametar of
the exploratory drill bit (and its probability distribution). Data required
to implement the model, and models of other potential human-intrusion
scenario classes, are requested through item 5 in the parameter list.

8.3.5.13.3.1 Performance Assessment Activity 1.1.3.1& Development of
: mathematical models of the scenario classes

The objective of this performance assessment activity is to coastruct
mathematical models of the scenario classes developed in Information Need
1.1.3 (Section 8.3.5.13.3). Four subactivities are included in this _
activity. These subactivities describe the models to be developed for this
activity.

8.3.5.13.3.1.1 Subactivity 1.1.3.1.1;: Development of models for releases .
along the water pathways :

Objectives

The objective of this subactivity is to produce mathematical models
whose phenomenology is sufficient (1) to effect a screening of the release
scenarios associated with the water pathways with respect to consequences and
(2) to form an adequate basis for the simplified models needed to fulfill
"aformation Need 1.1.5 (Section 8.3.5.13.5). :

Parameters

The parameters for this subactivity aré itéms 1 to 4 in the general
parameter list for Information Need 1.1.3 and preliminary versions of the
conceptual models referred to in items 8 and 9 of the same general parameter
list. ‘

Description

Several systems-level models of releases along the water pathways have
already been constructed: the TOSPAC (see Klavetter and Peters, 1986),
RELEASE (Sinnock et al., 1986), and SPARTAN (Lin, 1985). The two=- and three-
dimensional models of flow and transport that could be used to screen scen-
ario classes on the basis of long delavs for certain effects are listed in
Section 8.3.5.19. The TOSPAC probab., w:il. be sufficient to screen scenario
classes E and C-2 through C-3 (Table :.:.3.13-3) if calculations with the
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multi-dimensional models show that lateral flow paths can be ignored. The
screening of scenario class C-1 will require at least 2 two-dimensional model
of transient flow through a faulted zone. Scenario classes D-1 and D-2 can
probably be screened with the simple RELEASE code (or modifications of it) if
saturated-zone flow fields are provxded by the two-dimensional ISOQUAD model.
Effective use of any of these models in the screening of water-pathway
scenario classes will definitely requlre better, site-specific conceptual and
data bases. Thus, items 2 and 3 are in the general parameter list,

8.3.5.13.3.1.2 Subaétivity 1.1.3.1.2: Development of a model for gas-phase
releases

Objectives

The objective of this subactivi--:is to produce a mathematical model
whose phenomenology is sufficient (1, to effect a screening of the release
scenario associated with the anticipated gas-phase releases and (2) to form a
basis for the simplified model needed to fulfill Information Need 1.1.5.

Parameters

The parameters for this subactivity are items 3 and 4 in the general
parameter list for Information Need 1.1.3.

Description

A systems-level model similar to the one described for water-pathway
releases in the introductory material to this section may be sufficient. to
determine the expected partial performance measure (EPPM) for anticipated
gas-phase releases, and at the same time be simple enough to use as a
scenario-class model in the construction of the complementary cumulative
distribution function (CCDF) (Information Need 1.1.5, Section 8.3.5.13.5).
This subactivity will thus involve the calibration of one of the parameters
of a system-level model (the reciprocal of the mean residence time) with
estimates of the actual time for carbon-14 dioxide to diffuse from the
repository level to the surface (from item 4). Other parameters required by
the model are supplied through item 3.‘ ' e

8.3.5.13.3.1.3 Subactivity 1.1.3.1.3: Development of a model of releases
through basaltic volcanism

QObijectives

The objective of this subactivity is to produce a mathematical model
whose phenomenology is sufficient (1) .to effect & screening of the release
scenarios associated with basaltic volcanism and (2) to form an adequate
basis for the simplified models needed to fulfill Information Need 1.1.5
(Section 8.3.5.13.5).
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Parameters

The parameters for this subactivity are the model of basaltic volcanism
proposed by Link et al. (1982) and the updated estimates of the kind and
nature of magmatic-intrusion events at Yucca Mountain (item 5 in the general
parameter list). . G '

Description

The model proposed by Link et al. (1982) will, if necessary, be modified
to reflect most recent estimates of the kind and nature of basaltic volcanism
to be expected at Yucca Mountain. - f

8.3.5.13.3.1.4 Subactivity 1.1.3.1.4: Development of a model of releases
through human intrusion :

Objectives

The objective of this subactivity is to produce mathematical models
whose phenomenology is sufficient (1) to effect a screening of the release
scenarios associated with inadvertent human intrusion and (2) to form an
adequate basis for the simplified models needed to fulfill Information Need
1.1.5 (Section 8.3.5.13.5). : ‘

Parameters

The parameters of this subactivity are the model of releases through
inadvertent exploratory drilling presented in Section 8.3.5.13 and the
preliminary and final assessments of the nature of future human intrusion
events at the Yucca Mountain repository site (item 5 in general parameter -
list). : i ' '

Description

The model of releases through exploratory drilling presented in the
introductory material to this section will be put into mathematical temms,
Depending upon the outcome of the preliminary assessments of potential
human-intrusion events, new conceptual models may have to be developed and
put into mathematical terms.

8.3.5.13.4 Information Need 1.1.4: Determination of the radionuclide ,
releases to the accessible environment associated with .

== = - -o3-U T S TUNMent a330ciated with
realizations of potentially gsignificant release scenario classes

Techniéal basis for addressing the information need

Link to the technicél data chapters and applicable support documents

The introductory material to this section addresses the interpretation
of "significant processes and events."” In Table 8.3.5.13-18, Step 6
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discusses the screening of scenario classés on the basis ‘of relative conse-
quences. The supporting documents are DOE (1986b), Slnnock et al -(1986),
and Barr and Miller (1987).

Parameters -

The parameters of this information need are the mathematical models of
the release scenario classes that were developed in Activity 1.1.3.1 (Section
8.3.5.13.3.1) -under Information Need 1.1. 3 and their supporting data bases.

Logic

The goals of the work fulfilling this information need are twofold:
(1) a screening of the release scenario classes in Table 8.3.5.13-3 (and
other classes that may be proposed during the site characterization program)
against the criterion of relative consequences, and (2) a set of simplified
mathematical models of those release-scenario classes that survive the
screening process. In simple terms, the release-scenario classes that sur-
vive the screening process will be those release-scenario classes that will
provide the major contribution to the empirical complementary cumulative
distribution function (CCDF) to be constructed during activities fulfilling
Information Need 1.1.5 (Section 8.3.5.13.5). As is explained in the logic
section of Information Need 1.1.3 (Section 8.3.5.13.3), there are necessarily
two phases of work fulfilling the need: a preliminary and a final. There are
also at least four distinct kinds of models that need to be considered in the
preliminary phase of work.

To meet goal 1 in the prellmlnary phase, computer-zmplemented versions
of the models developed in fulfillment of Information Need 1.1.3 (Section
8.3.5.13.3) will be used to simulate the general consequences of realizations
of members of the scenario classes in Table 8.3.5.13-3, and the results of
these simulations will be compared. The comparisons will show which (if any)
of the scenario-class members may temporarily be dropped from consideration.
The work toward meeting goal 2 in the preliminary phase will then focus upon
the models of the scenario classes that survive these comparative studies.
Work toward meeting goal 1 in the final phase will proceed in a similar
fashion, except that the modified or entirely new models produced in the
final phase of work fulfilling Information Need 1.1.3 (if any) and final data
bases developed in site charactetlzation work will be used in making the
comparisons. : L . .

The procedures that may be used to turn a complex mathematical model
into a2 simple one representing the same phenomenology (i.e., one that meets
goal 2) are best described in & model-specific context. All such procedures
could probably be lumped under the title of "sensitivity studies®; but the
reader should recognize that there are at least two kinds of model sensitiv-
ity: (1) sensitivity of model output to the kinds and manner of representa-
tion of physical phenomena incorporated in the model and (2) the sensitivity
of model output to variations in the model’s input variables. Model simpli-
fication is primarily concerned with the first kind of sensitivity. A mathe-
-matical model may initially include kinds and representations of physical

- phenomenon that later prove inessential. These phenomena can be deleted from
the model, thereby effecting a simplification and increasing computaticnal
efficiency. In the studies fulfilling this information need, sensitivity of
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the second kind will generally not be investigated; uncertainties in the
model input variables will be taken into account by including them in the
construction of the joint probability distribution of the model’s state
variables (i.e., input parameters) an activity conducted in fulfillment of
Information Need 1.1.5 (Section 8.3.5.13.5).

18.3.5.13.4.1 Performance Assessment Aciivity 1.1.4;1: The screening of
. potentially significant scenario classes against the criterion
of relative consequences

The objective of this performance assessment activity is to identify the
set of scenario classes representing the significant events and processes
mentioned in proposed 10 CFR 60.112 and 60.115. Two subactivities are
included in this activity. ST |

8.3.5.13.4.1.1 Subactivity 1.1.4.1.1: The screening of the preliminary
scenario classes ~ '

ObjectiVes

. The objective of this subactivity is to identify those scenario classes
among the members of the preliminary set (Table 8.3.5.13-3) whose conse-
quences of realization are not significantly different from nominal-class
consequences, and therefore may be temporarily dropped from consideration.

Parameters
See the general parameter list for Information Need 1.1.4.

Description

See the general logic and descriptions of Subactivities 1.1.3.1.1
through 1.1.3.1.4 listed in Section 8.3.5.13.3.1.

8.3.5.13.4.1.2 Subactiﬁity 1.1.4.1.2: A final screening of scenario classes

Objectives

The objective of this subactivity is to identify the final scenario
classes to be used in constructing the empirical complementary cumulative
distribution function (CCDF) during fulfillment of Information Need 1.1.5
(Section 8.3.5.13.5). S .

Parameters _ ‘ _
' The parémete:s for this subactivity are a modified and an amended set of

mathematical models produced in the final phase of Subactivities 1.1.3.1.1 to
1.1.3.1.4, plus amended data basas from site characterization work.
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Description

See the remarks on the final phase in the general logic section for this
information need.

8.3.5.13.4.2 Performance Assessment Activity 1.1.4.2: The provision of
‘ simplified, computationally efficient models of the final
scenario classes representing the significant processes and
events mentioned in proposed 10 CFR 60.112 and 60.115 ¢

The objective of this performance assessment activity is to provide the
simplified, computationally efficient models of the final scenario classes
representing the significant processes and events mentioned in proposed
10 CFR 60.112 and 60.115. Two subactivities are included in this activity.

8.3.5.13.4.2.1 Subactivity 1.1.4.2.1: Preliminary development of
simplified, computationally efficient scenario-class models

Objectives

The obJective of this subactlvrty is to construct, as necessary, simple
computationally efficient versions of the scenario-class models developed
during the Subactivities 1.1.3.1.1 to 1.1.3.1.4 listed in Sectxon
8.3.5.13.3.1. ,

Parameters

The parameters for this subactivity are the mathematical models devel-
oped in Actrvxty 1.1.3.1 of Information Need 1.1.3.

Descrrgtlo

- The activities to be conducted depend upon which of the scenario classes
survive screening in Subactivity 1.1.4.1.1. If classes E, C-2, or C-3 in
Table 8.3.5.13-3 survive, the phenomenology of the existing TOSPAC (in.
development, but see Klavetter and Peters, 1986) may be amenable to simplifi-
cations that preserve the code’s ability to represent the essential events
and processes of any one of these classes that survive. Simplified,
exploratory versions of the TOSPAC have already been tried. See, for
instance, the RELEASE model in Sinnock et al. (1986) or the systems-level
model proposed in Section 8.3.5.13. These -exploratory versions of TOSPAC may
also be used to represent classes C-2 or C-3 in Table 8.3.5.13-3 if these
classes survive a preliminary screening. The models currently proposed for
the screening of the expected-case, gas-phase releases (part of scenario
class E) and the direct releases (scenario classes A-1 and A-2), are being
developed.
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8.3.5.13.4.2.2 Subactivity 1.1.4.2.2: Development of the final, ,
computationally efficient models of the scenario classes that
will be used to represent all significant processes and
events in the simulation of the total system ,

Objectives

The objective of this subactivity is to develop the final, computation=
ally efficient models of the scenario classes that will be used to represent
the simulation of the total system. o
Paramétérs V

The parameters for this subactivity are the scenario classes that
survive the final screening of Subactivity 1.1.4.1.1 and the techniques and
insight established in Subactivity 1.1.4.2.1. : :

Description

See the remarks on final phase of work in the general logic section of
this information need. B ' . .

8.3.5.13.5 Information Need 1.1.5: Probabilistic estimates of the radio-

nuclide releases to the accessible environment considering all
significant release scenarios ' ‘

Technical basis for addressing the information need

Link to the technical data chapters and applicable support documents

Section 8.3.5.13 discusses the requlatory basis for the issue and the
construction of the complementary cumulative distribution functions (CCDFs).
In Table 8.3.5.13-18, Step 7 discusses the construction of a total system
simulator and Step 8 discusses the construction of an empirical CCDF.

Parameters
The parameters for this information need are

1. Simplified versions of the mathematical models of the significant
scenario classes (from Information Need 1.1.4, Section 8.3.5.13.4).

2. Statistical data and interpretive information sufficient to con-

- struct the joint probability distribution for the set of state
variables that describes all necessary state variables in the ‘
simplified mathematical models of the significant scenario classes.
See the introductory material to this section and parameters from
Tables 8.3.5.13-9 through 8.3.5.13-17, ’

8.3.5.13-138

i



YMP/CM=0011, Rev. 2 YMP/CM=-0011, Rev. -

Logic

The simplified mathematical models provided through fulfillment of -
Information Need 1.1.4 (Section 8.3.5.13.4) will be implemented by efficient
computer codes that are then combined in a single calculational model under

- the control of a driver routine. The driver routine will (1) provide values

for state variables for all submodels through Monte Carlo sampling from the
joint distribution of the state variables, (2) direct a calculation of the
partial performance measure for each submodel, and (3) sum the resulting
partial performance measures for each submodel to obtain a sample value of
the total system performance measure. By repeatedly sampling in this way, a
large number of samples can be generated and used to construct an empirical
complementary cumulative distribution function or as a data set to which ‘
standard statistical methods for estimating likelihoods with given confidence
bounds may be applied.

The joint distribution of state variables will be constructed using - -
judgment guided by the site-specific statistical data and interpretive -
information mentioned in the foregoing parameter list.

8.3.5.13.5.1 Performance AsseSsment Actiéity 1.1.5.1: Calculation of an
empirical complementary cumulative distribution function

Objectives

_ . The objective of this performance assessment activity is to construct an
efficient, total-system simulator that is capable of providing probabilistic
estimates of radionuclide releases to the accessible environment, under both
nominal and disturbed conditions, for 10,000 yr after closure. Three sub-
activities are included in this activity.

8.3.5.13.5.1.1 Subactivity 1.1.5.1.1: Construction of the total-system
simulator

Objectives

The objective of this subactivity is to construct an efficient, total-
system simulator. -

Parameters

The parameters for this subactivity are efficient, computer-implemented
mathematical models of significant scenario classes (see Information Need
1.1.4, Section 8.3.5.13.4) and a synthetic joint probability distribution for
the state variables in all submodels sufficient for testing the operation of
the total-system simulator. ' '
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&

Description

A driver routine will be constructed and tested, using submodels and
synthetic joint probability distribution. Available variance-reduction
techniques will be applied, and the technique most efficient for total-system
simulation will be determined. '

U

8.3.5.13.5.1.2 Subactivity 1.1.5.1.2: Construction of the joint probability
. distribution to be used in the licensingfassessment

calculations

Objectives

The objective of this subactivity is to construct a joint probability
distribution that incorporates data and interpretive information from the
site characterization program.

Parameters

The parameters for this subactivity are given in the parameters list for .
this information need. A .

Description

The state variables will be grouped into statistically independent -
subsets. For each subset of state variables, a multivariate analytical dis-
tribution will be chosen, and its parameters fitted by techniques such as
maximum-likelihood, using available, site-specific data for the mean annual
probabilities and the intensities of the processes and events that determine E.‘)
the state variables. I ’ '

8.3.5.13.5.1.3 Subactivity 1.1.5.1.3: Construction of an empirical
complementary cumulative distribution function for the
licensing action

Objectives

Thé objective of this subactivity is to construct an empirical '
complementary cumulative distribution function for the licensing application.

Parameters
The parameters for this subactivity are the total-system simulator from

Subactivity 1.1.5.1.1 and the joint distribution function from Subactivity -
1.1.5.1.2 (Sections 8.3.5.13.5.1.1 and 8;3.5.13.5.1.2),_ ’ ' ,
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Description

By repeated simulation, sample statistics on the total system perform-
ance measure, M, will be obtained with a sample size large enough to ensure
that proposed 10 CFR 60.112 and 60.115 are (or are not) met with high
confidence.
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8.3.5.14 1Issue resolution strateqy for Issue 1.2: Will the mined geologic

disposal system meet the requirements for limiting individual doses

in the accessibla enviromment as regquired by 40 CFR 191.15?

Requlatory basis for the issue

The regulatory basis for limiting individual does from ground water as
stated in 40 CFR 191.15 has been vacated by the first district court of
appeals (NRDC et al. vs. EPA, 1987) and the EPA has been asked by the court
to reevaluate the rule in light of other rules protecting individuals. 1If
and when EPA modifies 40 CFR 191.15, the DOE will reevaluate the plans for
resolving Issue 1.2. Until that time, the DOE will proceed with plans to
address individual dose limitations as currently coversd by the rule now
under resvaluation by the EPA.

The relevant parts of 40 CFR 191.15 are quoted in the following:
191.15 Individual protection requirements.

Disposal systems for spent nuclear fuel or high-level or transuranic
radicactive wastes shall be designed to provida a reasonable expec-
tation that, for 1,000 yr after disposal, undisturbed performance of
the disposal system shall not cause the annual dose equivalent from
the disposal system to any member of the public in the accessible
environment to exceed 25 millirems to the whole body or 75 millirems
to any critical organ. All potential pathways (associated with
undisturbed performance) from the disposal system to pecple shall be
considered, including the assumption that individuals consume 2 L
per day of drinking water from any significant source of ground
water outside of the controlled area.

In the regulation just given, undisturbed performance means the pre-
dicted behavior of a disposal system, including consideration of the uncer-
tainties in predicted behavior, if the disposal system is not disrupted by
human intrusion or the occurrence of unlikely natural events. The term
accessible environment means (1) the atmosphere, (2) land surfaces, (3) sur-
face waters, (4) oceans, and (5) all the lithosphera that is beyond the con-
trolled area, a surface location that encompasses no more than 100 km? and
extends horizontally no more than 5 km in any direction from the outar boun-
dary of the original location of the radiocactive wastes in a disposal system.

In addition, the regulation (40 CFR 191.12) defines the significant
source of ground water to mean:

(1) An aquifer that: (i) Is saturated with water having less than
10,000 milligrams per liter of total dissolved solids; (ii) is
within 2,500 feet of the land surface; (iii) has a transmissivity
greater than 200 gallons per day per foot, provided that any forma-
tion or part of a formation included within the source of ground
water has a hydraulic conduct:vity greater than 2 gallons per day
per square foot; and (iv) is capable of continuously yielding at
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least 10,000 gallons per day to a pumped or flowing well for a
period of at least a year; or (2) an aquifer that provides the
primary source of water for a community water system as of the
effective date of this Subpart.

The expected condition of the repository environment is such that no
significant amounts of liquid water will be present in and adjacent to the
borehole for at least 300 yr after repository closure. For 300 to 1,000 yr
after closure, a limited amount of water (i.e., less than 5 liters per
package per year for 90 percent of the packages and less than 20 liters per
package per year for 10 percent of the packages) may be available to contact
some waste containers, although most of the containers are expected to remain
in a dry environment -for well over 1,000 yr (Section 8.3.4). A limited .
amount of radionuclides, therefore, may be released from breached containers
and transported by ground water to the accessible environment.

Three radionuclides might be able to escape from the breached container
as gaseous species under the conditions at Yucca Mountain: carbon-14,
tritium, and krypton-85. Of these, only carbon-14 is readily available for
rapid release from a breached waste container. The other radionuclides, both
of which have short half-lives, are contained within the waste form (Sections
8.3.5.9 and 8.3.5.10). Carbon-14 release is expected to be in the form of
carbon-14 dioxide that will percolate up through the pore space in the
unsaturated overburden to the accessible environment. -

Anproéch to resolving the issue

There are only two significant pathways for the radionuclides from the
waste package to reach humans in the accessible environment (i.e., groung-
water transport and gaseous phase transport). These probable flow paths for
each transport mechanism lead to quite different and separate exposure
sources for any released radionuclides. Therefore, they will be treated
separately. ' s :

- The approach to resolving Issue 1.2 for the ground-water pathway is to
determine whether any exposure to the public will result during the 1,000-yr
period after disposal (40 CFR 191.15). Because a significant source of
ground water might exist at the boundary of the controlled area, the dose
calculation will assume that individuals consume 2 liters per day of drinking
water at the outside boundary of the controlled area, where the concentration
of radionuclides in ground water could be expected to be the highest. For
the gaseous pathway, the reference case will examine whether the upper
bounding value of the exposure to the public will be less than 25- and 75-
mrem/yr dose limits based on the amount of the carbon-14 inventory that can
be released in gaseous form. RAlternatively, it may be possible to show that
the gaseous carbon-14 dioxide may never reach the accessible environment
during the 1,000-yr period. The total dose to the individuals will be the
sum of the doses through both pathways and it will be compared against the
required dose limits. Figure £.3.5.14-1 illustrates the objective and logic
to resolve Issue 1.2. - Co

8.3.5.14-2
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ISSUE 1.2: WILL THE MINED GEOLOGIC DISPOSAL SYSTEM MEET
THE REQUIREMENTS FOR LIMITING INDIVIOQUAL DQOSES IN THE
ACCESSIBLE ENVIRONMENT AS REQUIRED BY 40 CFR 191.15?

T

OBJECTIVE: DETERAMINE WHETHER, FOR 1,000 yr AFTER DISPOSAL,
THE UNDISTURBED PERFORMANCE OF THE DISPOSAL SYSTEM WILL CAUSE
AN ANNUAL DOSE EQUIVALENT FROM THE DISPOSAL SYSTEM TO ANY
MEMBER OF THE PUBLIC IN THE ACCESSIBLE ENVIRONMENT TO EXCEED
25 MAEM TQ THE WHOLE 800Y QR 75 MREM TO ANY CRITICAL ORGAN 8Y
EITHER THE GROUND-WATER OR GASEOUS PATHWAYS
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Figure 8.3.5.14-1. Logic diagram for lssue 1.2 (individual protection) -
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Under the undisturbed conditions of the repository, it is expected that
most of the waste packages will remain dry and that the radionuclides will be
substantially completely contained in the waste package. Under very conser-
vative assumptions, however (described in Section 8.3.5.9), up to 20 percent
of the waste containers may be breached and radionuclides may be released and
transported in the ground water through the unsaturated and saturated zones
before they reach the accessible environment (Section 8.3.5.13). Sorbing
species of the radionuclides would travel slower than the ground-water move-
ment because of retardation, and even the nonsorbing species cannot travel
faster than the ground-water movement itself along the path of likely radio-
nuclide travel. For the ground-water pathways, this issue will be resolved
if reasonable expectations are established that contaminant transport to the
water table exceeds 1,000 yr with high confidence. Current estimates of the
ground-water travel time show a2 mean value of 43,265 yr with a standard devi-
ation of 12,765 yr (Sinnock et al., 1986), thus providing an initial level of
confidence that the radionuclide travel time will be longer than 1,000 yr
(Section 8.3.5.12).

If the radionuclide transport time is less than 1,000 yr, then the
concentration of radionuclides in ground water and its change with time will
be calculated using the total system performance model (see Section 8.3.5.13)
at the boundary of the controlled area. There may be no significant source
of ground water at the outside boundary of the controlled area. However,
using the concentration of radionuclides at the boundary of the controlled
area and the assumption that individuals consume 2 liters per day of drinking
water, the dose to a maximally exposed individual can be calculated. 2Alter-
natively, it could be determined that there is no significant source of
ground water outside the controlled area but that a source exists within the
1,000-yr radionuclide travel time boundary. 1f, however, any such source is
identified, the same calculation as above can be made for that location. It
should be noted that there is another requirement for the site (10 CFR
60.113(a) (2)) that the pre-waste-emplacement ground-water travel time must be
at least 1,000 yr. The pre-waste-emplacement ground-water travel time and

the radionuclide travel time (post-emplacement) are related but not the same;

therefore, a radionuclide travel time that is less than 1,000 yr, although
very unlikely, would not necessarily violate the 10 CFR €60.113 requirement
(see Section 8.3.5.12).

Both spent fuel and glass waste fomms contain carbon-14 The total
amount of carbon-14 in the spent fuel is conservatively estimated to be
1.5 Ci/MTHM (metric tons of heavy metal) by actual measurements and analyses
(Van Konynenburg et al., 1986). A smaller inventory of carbon-14 is expected
for glass waste forms because of the potential for release and transfer to
other waste streams during reprocessing. Most of the carbon-14 in the spent
fuel is locked inside U0, fuel, Zircaloy claddlng, and fuel assemblies and
will be released slowly after the containment is breached. Only & small
fraction of the total carbon-14 inventory in the spent fuel could be rapidly
released from the oxidized skin of the 21rcaloy cladding by reaction of the
oxygen in the atmosphere with the carbon - in the cladding oxidation layer
{Oversby and McCright, 1985). Oversby and McCright believe that as much as
1 percent of the carbon-14 inventory in spent fuel could be rapidly released
in this way during the first 100.to 1,000 yr following closure when high
temperature and gamma radiation are expected (Section 8.3.5.9). : No rapid
release of carbon-14 is known from glass waste forms. "

£.3.5.14-4
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A bounding-case calculation for carbon-14 rslease can be made as
follows: when the repository is completely filled with 70,000 MTHM, the
total inventory of carbon-14 will be less than 105,000 Ci; considering that
some of the wastes are in glass waste forms, the rapid release fraction of
carbon-14 from the entire repository is not likely to exceed 1,000 Ci aven if
every waste container were breached within 1,000 yr. The goal of the waste=-
container design limits the container failure to less than 5 percent for the
first 300 yr and to less than 20 percent for 1,000 yr after closure. Under a
conservative assumption of 20 ‘percent container failure, the total inventory
of available carbon-14 for rapid release in gaseous form, therefore, would be
less than 200 Ci. The 200 Ci would most likaly ba released gradually as the
containers fail in a time-distributed manner. Even with a total failure of
the entire 20 percent of the containers in 1 yr, the maximum release will not
exceed 200 Ci in 1 yr, with no further release during the subsequent years,
because there will be no more carbon-14 available for rapid release. Evalua-
tion of the inventory and release of carbon-14 from Zircaloy cladding is
being investigated in Section 8.3.5.10.

The carbon-14 released from the spent fuel during the initial breach of
the container is expected to ba in the form of carbon dioxida. Gas-phase
carbon~-14 dioxide moves upward through air-filled pores in the unsaturated
tuffs by molecular diffusion and by advection in a thermally driven air-
convection cell. 1In the course of the upward movement of carbon-14 dioxide,
isotopic exchange of carbon-14 with the normal carbon of the carbon dioxide
gas in the pore space will occur, thus retarding the movement of the
carbon-14 to the atmosphera above the repository. The carbon dioxide gas in
the pore space is probably in equilibrium with dissolved bicarbonate in the
pore water. Therefors, a large reservoir of normal carbon exists in the
unsaturated tuffs and is available for carbon-14 isotopi¢ exchangs. 1In
addition, precipitation of calcite, if it occurs, will irreversibly remove
carbon-14 from the system. Actual residence times of carbon-14 in the pore
spaces of the repository overburden could, in principle, be estimated by .
solving a transport equation that takes the isotope exchange and chemical
models into account. However, site-specific data that would permit realistic
estimates of the carbon-14 residence time are lacking. _

If the residence time of the carbon-14 in the overburden (the time
needed for carbon-14 to travel through the overburden) is established with
high confidence to exceed 1,000 yr, this part of Issue 1.2 will be resolved.
The mean and standard deviation of the residence time in the ovarburden of a
carbon-14 nucleus that is released at the repository level will be estimated
in Section 8.3.1.3.8, and a model for gas-phase rasleases will be developed in
Information Need 1.1.3 (Section 8.3.5.13.3). _ o

A realistic estimate of doses from the gaseous pathway to the public in
the accessible environment will have to be based on tha gas-phase release
estimated from Information Need 1.1.3 (Section 8.3.5.13.3). For tha resolu-
tion of Issue 1.2, however, a bounding-value calculation will ba used. Ths.
inventory of carbon-14 available for rapid release, a total of 200 Ci for
1,000 yzr, is small compared with (1) an average release of 5 to 10 Ci from
each operating nuclear power plant (boiling water and pressurized water
reactors) into the atmosphere every year and (2) the design-basis release of
approximately 800 Ci/yr from a 1,500-MTHM/yr fuel-reprocessing plant. Be-
cause of the very small dose consequences expacted from the assumed releass
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of carbon-14 through the repository overburden, bounding calculations will be
done for a hypothetical maximally exposed individual on the ground surface
above the repository assuming a ground-level release of the total 200 Ci in
one year. Internal dose from ingestion has not been calculated because of
the lack of site-specific data. This dose is, however, expected to be
significantly smaller than the inhalation dose because of the lack of
vegetation at the Yucca Mountain site. :

Unless this issue has been resolved by having both the radionuclide
travel time (liquid pathway) and residence time of carbon-14 in the over-
burden greater than 1,000 yz, doses from the individual pathways will be
summed to see if the goal is met. At present, there is a high confidence
that the goal can be met with the current design of the waste package and the
site geohydrologic conditions. 1If, however, the goal has not been met, the
source term for the radionuclide release can be reduced by a more realistic
(less conservative) assessment of the dose pathways to the individuals or by
alternative designs of the waste package (Section 8.3.5.9).

A preliminary performance allocation for this issue is summarized in
Table 8.3.5.14-1. Because Issue 1.2 concerns only the undisturbed perform-
ance of the disposal system with respect to individual protection from radia-
tion, it is appropriate to allocate performance against the expected path-
ways. A goal is set for the liquid pathways for near-zero release; it calls
for the radionuclide travel time to exceed 1,000 yr. More detailed perform-
ance measures and their goals are set for the gaseous pathway. No signi-
ficant external dose is expected from the weak beta radiation from carbon-14
through the skin. The only significant pathways for internal dose are
through inhalation of carbon-14 dioxide in breathing air and ingestion of
carbon-14~-containing food items grown in the area. Specific goals based on
the preliminary analysis are established with a high confidence for the
internal doses by inhalation and ingestion. 2 goal is also set for the
residence time of gaseous carbon-14 in the overburden.

Table 8.3.5.14-1 also 'illustrates the relationship between the perform-
ance measures and the parameters. Table 8.3.5.14-2 identifies the charac-
terization parameters needed to determine the transport of carbon-14 dioxide
on the surface above the repository.

Interrelationships of information needs

Two information needs have been identified for Issue 1.2: Information
Need 1.2.1 determines the doses throuch the ground-water pathway, using the
same methodology as that used for Issue 1.1, total system releases. The
second information need (1.2.2) determines the internal and external doses to
the public in the accessible envircrrent through the gaseous pathway of
carbon~14. ‘
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Performance

Tentative

Needed

1 rasy ‘II00-KS/J

Release Primary
scenario class Pathway - b'axri_eta measure - goal confidence
Nominal Significant Unsaturated zone  Individual dose. (whole Near zero ﬁign
(expected) ground= and saturated body) {dose much
water zone ' leas than
.source atandatda)
Gaseous Waste container Individual dose (whole ' High |
phase and overburden body) . .
o External Near zero High
Internal :
Inhalation <5 mrem/yr High
Ingestion <5 mrem/yr High

TASY ‘TI00-WO/ DR

>
.




-B=P1°S°E’8

8.3.5.14-2. Performance parameters for Issue 1.2 (individual protection)

SCP section

providing )
. . o Tentative expected fuvestigations
System alement Process ot Performance Performance  parameter Needed patameter Cutrent supplying
celied o0 .. runction conditions | measure patametec qoal conlidence values conl idence patameter
Unesturated zone  Retavdation of Porous-media  Individual Graund-water® >1,000 yr Righ 3. Low 1.1.9.12.4
and saturated radionuclide transport dose travel time
sone Delow tha - movesent in . through : '
repositocy ground wster matrix and
(ground-vater sdsorptive ‘
teansport) ) : retacdation . Retardation " High 4.1.).) Medium 8.3.1.3.4
Overbutden Retardstion of Isotope Individual Residence - 31,000 yr High Mone Low 8.3.1.3.4
{gaseous phase sovesent of exchange, dose time of =
transport) -~ gaseows .- . chemical - . catbon-14
nuclides - equilibeimm - in over-
Co L, - and pre- - : burden
- © cipitation o ‘
waste form Containment and  Distribuwtion 1Individual Inventory of <1,000 Ci High 7.4.3.1 Low 0.3.5.10.2
(gasecus phase controlled of cadio- dose ‘ capid
transport) zelesse of nuclides release
gaseous and con- traction of

nuclides 4 tetnment . carbon-14

sGeound-water travel time i used 89 2 ﬁnnu of the radionuclide transport time to the boundary of the accessible
envigonment . ‘ : . )

T "a9y¥ ‘TT00-WO/IX

T a3 ‘TT100-HD/ 3K




MP/CM-0011, Rev.l . | YMP/CM-0011, Rev. 1

8.3.5.14.1 Information Need 1.2.1: Determination of doses to the public in
the accessible environment through ground-water transport

Technical basis for addressing the informatidn naad . .-

Link to the technical data chapters and applicable'support documents \‘”)-

The information needed to satisfy this information need and the method-
ology to be used are basically the same as that used for Section 8.3.5.13,
total system performance.

Parameters

The parameters needed to satiéfy this information need are the same as
those requirsd for Information Need 1.1.4, Section 8.3.5.13.4. Specifically,
these parameters include:

1. Flux through the unsaturated zone (also from Section 8.3.5.12.4).

2. Retardation through the unsaturated zone (also from Section
8.3.1.3.%).

3. Dose conversion factors (standard values).

4. Determination of whether a significant souzce'of ground water is
present c: absent (information from Section 8.3.5.15.1.1.2 will be
used). -

Logic

This information need addresses tha movement of radionuclides through \_4’
the ground water to the accessible environment. The parameters needed and
the methodology to be used to satisfy this information need are similar to
those used to determine the total releases to the accessible environment
under expected conditiona. The difference between this issue and Issue 1.1
is that the parameters and scenarios to be considered for this issue will
cover only the first 1,000 yr after closurs under expected conditions,
whereas Issue 1.1 (Section 8.3.5.13) will cover releases over 10,000 yr under
expected and unexpected conditions. Radionuclide releases will be determined
from the engineered barrier system, and contaminant transport will be con-
sidered through the unsaturated zone to the water table. Because the ground-
water travel time th:ough the unsaturated zone is expected to be much greater
than 1,000 yz, this issue will initially examine the transport to the water
table. If the ground-water travel time to the watez table through the unsatu-
rated zone is less than 1,000 yr, then the ground-water travel time to the
boundary of the controlled area and the change in radionuclide concentration
in a significant source of ground water at the boundary will be calculated
for the dose evaluaticn.

8.3.5.14-9



YMP/CM-0011, Rev.l ™MP/CM=-0011, Rev. 1

8.3.5.14.1.1 Activity 1.2.1.1: Calculation of doses through the ground-
water pathway : » )

Obdectives

The objective of this activity is to use the methodology applied in
Section 8.3.5.13 to calculate the radzonuclide transport to the boundary of
the controlled area.

Parameters

- See the general parameters list for this information need.

Description

This activity will obtain from Information Need 1.1.4 the distribution
of radionuclides transported to the boundary of the controlled area during
the first 1,000 yr after closure. Only expected conditions will be consid-
ered for this analysis. The radionuclide transport model used to make this
evaluation will be verified and validated under Issue 1.1. The concentration
of radicnuclides in the ground water at the boundary of the controlled area
and the assumption that individuals consume 2 liters per day of drinking
water from a significant source of ground water at the controlled areaz bound-
ary will be used to calculate the individual dose. The results of this
evaluation will be presented in a report.

8.3.5.14.2 Information Need 1.2.2& jDétetmination of doses to the public in
the accessible environment through the gaseous pathway

Technical basis for addressing the ihfdrmation need

Link to the technical data chapters .and applicable support documents

The following sections of Chapter 8 summarize the 1nfo:matzon relevant
~0-this information need. :

Chapter 8 - : : -
gsection : Short title
8.3.1.12 ‘ Metéorology
8.3.5.3 - _ . Public radiological exposures==
o ;. normal conditions :
© 8.3.5.13 :  Total system performance

Sections £.3.5.9 and 8.3.5.10 will establish that carbon-14 is the only
important gaseous radionuclide that can be transported to the accessible
environment through the gaseous pathway and also will establish the maximum
inventory of carbon-14 for rapid release. Since & bounding-value calculation
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is believed to be sufficient to resolve this issue, time distribution of con-
tainer failure from Information Need 1.4.4 (Section 8.3.5.9.4) will not be
used hers.

Parameters

Most of the parameters needed to satisfy this information need are
obtained from other information needs as noted in the following list:

1. Important gaseous radionuclides (Section 8.3.5.10.1).
2. Inventory and release of gaseous radionuclides (Section 8.3.5.10.2).

3. Retardation of gaseous flow through the overburden (Section
8.3.5.13.3). :

4. Site meteorological data (Section 8.3.1.12.2).

5. Offsite activities for ingestion and inhalation scenarios (Saction
' 803.1-13)0 . i ' ; ' ’ . :

6. Dose conversion factors (standard published valuas).
Logic | |

Releases of gaseous radionuclides will be determined by using a two-step
process. The first step involves examining the raetardation of gaseous flow
of carbon-14 dioxide through the overburden. This step will use tha same
parameters and methodology as used to address Issue 1.1, total system per--
formance, with the exception that this issue considers only expected condi-
tions over the first 1,000 yr following disposal. The second step involves
examining inhalation and ingestion rates when the carbon-14 dioxide reaches
the surface. This step will be performed only if it is determined that the A
goal for gaseous retardation through the overburden cannot be achieved with a
high level of confidenca.

- For a given radionuclide, when the release rate, wind speed, and dis-
persion coefficients are known, it is a straightforward calculation to obtain
the external and internal inhalation doses with standard dose-conversion
factors. Inhalation dose is expected to be the overwhelming component of the
potential dose from carbon-14 releases. Uptake by ingestion, however,
greatly depends upon local vegetation and agricultural activities and can
vary significantly from area to area even for the same amount of release. No
significant agricultural activities are currently present at the Yucca
Mountain area, and the expected conditions for 1,000 yr in the area can be
assumed in order to estimate tha ingestion dose. Sinca the dose rate will be
highest at the land surface, only one calculation for a hypothetical maxi-
mally exposed person will be required to resolve this information need.

Two activities are planned to cal:tulate doses to the public in the
accessible enviromment through the gasecus pathway. The second activity will
be performed only if it is determined that the goal for gaseous retardation
through the overburden cannot be achieved with a high level of confidence.

8.3.5.14-11
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8.3.5.14.2.1 Activity 1.2.2.1: Calculation of transport of gaseous carbon-
14 dioxide through the overburden '

Objectives

The objective of this activity is to estimate the transport time for
gaseous carbon-14 dioxide from the repository to the land surface during the
first 1,000 yr after disposal. ‘

Parameters

Parameters 1, 2, and 3 identified under Information Need 1.2.2 are
required for this activity. - :

Description

This activity will obtain from Information Need 1.1.4 the distribution
of gaseous radionuclides transported through the overburden to t>: land
surface during the first 1,000 yr after disposal. Only expected =onditions
will be considered for this analysis. The results of this evaluation will be
presented in a final report on doses to the public in the accessible environ-
ment through gaseous phase transport. '

8.3.5.14.2.2 Activity'i.2.2.2: Calculation'of land-surface dose and dose to
the public in the accessible environment through the gaseous
pathway of carbon-14

Obdectives

The objectives of this activity are to collect the necessary data on
carbon-14 inventory and meteorology and to calculate upper bound values for
external and internal doses. The latter objective includes doses from both
inhalation and ingestion. . s ‘

Parameters
See the general parameter list for this information need.
Description

This activity will extract the carbon-14 inventory data from Information
Need 1.5.2 (Section £.3.5.10.2) and calculate the dispersion coefficients and
wind speed from meteorological data from Section 8.3.1.12.1. This activity
will also calculate the expected and ‘upper bound internal and external doses
to a hypothetical maximally exposed person on the land surface above the
repository. . The AIRDOS-EPA program or other appropriate programs will be
used for the dose calculation. Model verification and validation are dis-
cussed in the Project Radiological Monitoring Plan - (Section 8.3.5.3). The
results will be presented in a report.

8.3.5.14-12
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8.3.5.15 1Issue resolution strategy for Issue 1.3: Will the mined geologic

disposal system meet the requirements for the protection of special

sources of ground water as required by 40 CFR 191.16?

Requlatory basis for the issue

The regulatory basis for protection of special sources of ground water .
as stated in 40 CFR 191.16 has been vacated by the first district court of
appeals (NRDC et al. vs. EPA 1987), and the EPA has been asked by the court
to reevaluate the rule in light of other rules protecting ground water. If
and when the EPA modifies 40 CFR 191.16, the DOE will reevaluate the plans
for resolving Issue 1.3. Until that time, the DOE will proceed with plans to
address ground-water protection as currently covered by the rule now under
reevaluation by EPA.

The parts of 40 CFR 191.16 relevant to Issue 1.3 are quoted in the
following: T :

191.16 Ground water protaction requirements

{a) Disposal systems for spent nuclear fuel or high-level or

' transuranic radicactive wastes shall be designed to :
provide a reasonable ezpectation that, for 1,000 yr after
disposal, undisturbed performance of the disposal system
shall not cause the radionuclide concentrations averaged
ovar any year in water withdrawn from any portion of a
special source of ground water to exceed: :

(1) 5 picocuries per liter of radium=-22§ ahd radium=-228;

(2) 15 picocuries per liter of alpha-emitting
radionuclides (including radium=226 and radium-228
but excluding radon):; or

(3) The combined concentrations of radionuclides that
emit either beta or gamma radiation that would
produce an annual dose equivalent to the total body
or any internal organ greater than 4 millirems per
year if an individual consumed 2 liters per day of
drinking water from such a source of ground water.

(b) 1If any of the average annual radionuclide concentrations
existing in a special source of ground water bafors .
construction of the disposal system already exceaed the
limits in 191.16(a), the disposal system shall be
designed to provide a reasonable expectation that, for
1,000 years after disposal, undisturbed performance of
the disposal system shall not increase the existing
average annual radionuclide concentrations in water
withdrawn from that special source of ground water by
more than the limits established in 191.16(a). '

8.3.5.15-1
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In the previous regulations, undisturbed performance means the predicted
behavior of a disposal system, including consideration of the uncertainties
in predicted behavior, if the disposal system is not disrupted by human
intrusion or the occurrence of unlikely natural events.

An aquifer must meet several criteria to be designated as a special
source. The first step in the evaluation is to establish whether the aquifer
is a Class I source as defined by the EPA Ground Water Protection Strategy of
1984 (EPA, 1984). The conditions that must be met for designation as a Class
I source are (1) that the source is highly vulnerable to contamination
because of the hydrologic characteristics and (2) that the source is irre-
placeable in that no reasonable alternative is available to substantial
populations or that the source is ecologically vital in that it provides
baseflow to a sensitive ecological system.

If an aquifer meets the criteria for a Class I source, the next step is
to determine whether it qualifies as a special source of ground water.
40 CFR 191.12 defines a special source of ground water as '

those Class I ground waters identified in accordance with the
agency’s Ground-Water Protection Strategy . . . that: (1) are
within the controlled area encompassing a disposal system or less
than 5 km beyond the controlled area [the controlled area is the
-actual area chosen according to the 40 CFR 191.12 definition of the
controlled area); (2) are supplying drinking water for thousands of
persons as of the date that the [DOE] chooses a location within
that area for detailed characterization as a potential site for a
disposal system (e.g., in accordance with Section 112(b) (1) (B) of
the Nuclear Waste Policy Act); and (3) are irreplaceable in that no
reasonable alternative source of drinking water is available to
that population. , ' -

"Approach to resolving the issue

The approach to resolving this issue consists of a series of deter-
minations and decision points, any one of which could result in an af-
firmative resolution. As shown in the logic diagram for this issue (Figure
8.3.5.15-1), the first decision is whether Class I or special sources of
ground water exist in the vicinity of Yucca Mountain as determined by
comparing the criteria with the hydrogeologic, demographics, and ecologic
characteristics of the site and its contiguous vicinity. If Class I or

special sources are found not to exist, the issue is resolved affirmatively.

If a Class I source exists, the Yucca Mountain Project will proceed to
evaluate whether the Class I ground water is also a special source of ground
water. If so, the concentration of waste in special-source ground water must
remain below the limits specified in 40 CFR 191.16. The approach is first to
determine whether slow ground-water movement alone can ensure meeting the
limits. 1If neither path can provide this assurance, the Yucca Mountain
Project will conduct transport modeling to test whether concentrations in
special-source ground water will remain below the established limits.

8.3.5.15-2
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Figure 8.3.5.15-1. Logic diagram for Issue 1.3 (ground-water protection).
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These two fundamental questions (i.e., whether special sources exist,
and whether contamination of a special source will be below the 40 CFR 191.16
limits) are the basis for defining two information needs:

1.3.1 Determine whether any Class I or special sources of ground water
exist at Yucca Mountain, within the controlled area, or within §
km of the controlled area boundary. :

1.3.2 Déte:mine for all special sources whether concentrations of waste
products in the ground water during the first 1,000 yr after dis-
posal will not exceed the limits established in 40 CFR 191.16.

Performance allocation for Issue 1.3

A preliminary performance allocation for this issue (1.3) is summarized
in Table 8.3.5.15~1. Because this issue is concerned with the protection of
special ground-water sources from contamination, it is appropriate to first
establish whether a Class I or special ground-water source exists. If no
special sources exist, then the issue is resolved. If a special source is
identified at or near the site, this issue could be resolved by establishing
that the concentrations of waste products in the special source are likely to
be much less than allowed by EPA limits. The relationship between the
performance measures and the required parameters is illustrated in Table
8.3.5.158-1. o '

Interrelationships of informatiosn needs -

Two information needs have been identified for this issue; the first is
the determination whether a Class I or special source of ground water exists
at or in the vicinity of the Yucca Mountain site. If a specizl source aqui-
fer is identified during site characterization, a second information need
will be addressed to determine whether concentrations of waste in the ground
water -could exceed the limits established by 40 CFR 151.16.

§.3.5.15.1 Information Need 1.3.1: Determination whether an Class I or

: special sources of ground water exist at Yucca Mountain, within
the controlled area, or within 5 km of the controlled area
m

boundary
Technical basis for addressing the irfcrmation need

Link to the SCP technical data chaz:ers and applicable support documents
The following sections of Chaptsr 2 of the SCP (Hydrology) summarize the
data relevant to this information ne

av
sl
el

8-305015"



Table 8.3.5.15-1. Performance allocation for lsiua 1.3 (ground-water protéction)

T0C-RC /RS

»ew

. Mesdad Pesformance ; : Current _.Current Neadsd
Perfosrmance measure Goal confidence patamaters  Goal Hodifier estimate coatidence confideace
istence of clal Mo - ui _ Existence of NA® Valley £ill (VF) Existy High - . Hagh
l‘.ouxc- of g:g:nd czf: gh; aguiters Tult (T) Exists High Migh
water SOUKCE within 5 ka Lower carbonate Exists High uigh
of contxol~ ) '
led area® -
Aquifer vulaner- Mot vul- vF, T, IC Mot vulnarable Low Hedium
abllity to nerable . within 20,000 yr
contapination  within o
@ 10,000 yr
b a. Population <substan- V¥  »3,000, < 5,000  High Migh
e secved tial T «<1,000 Medium High
s or. Ic . =500 Hedium High
| b. Baseflow to None vF None Hedium High
v seasitive T Noae Mediua - High
scological e Exists Hedium digh
systea . ' .
Population <thousands VF >3,000, <5,000 High . High
served ' ‘ T <1,000 . Medlua High
: 7 «500 © Medium iigh
‘ ‘ Existeace of Exista vr Doss not exist Low digh
‘ teasonable T Exists Mediun High
alternative c Does not exist Low Medium
source ' ‘
Maste concentraticn <limits High Concentration  <liaits VF, T, LC Maets goal Low High
in special souzce of of specitied specified , :
aquiter within 40 CFR constituents in 40 CFR
1,000-yr attez 191.16 as fuaction 191.16
disposal tor of time tor
1,000 yr 1,000 yr

SMA = not applicable.
SConttolled ates s the sctusl area chosen according to t°

C C

40 CFR 191.)2 definition of controlled area.

{

o=
-

taey

D0=RC/ AR

fowy
Y

X

-
.




YMP/CM-0011, Rev. 1 _ YMP/CM-0011, Rev. 1

SCP seétion Subject
3.6 Regional hydrogeologic reconnaissance of
: candidate area and site o
3.7 o Regional ground-watér flovrgystém
:5.8 - o Ground-water uses | |

3.9 © ~  Site hydrogeologic system

The information contained in these sections supports a preliminary
determination that no potential special sources of ground water are present
at the site, below the site, within the boundaries of the controlled area, or
within 5 km of the controlled area boundary. The following discussion is a
brief compilation of this information from Chapter 3 of the SCP.

All the aquifers meet the criterion for location. The tuff aquifer and
the lower carbonate aquifer both underlie the proposed repository location.
The valley-fill aquifer is located within 5 km of the controlled area
(Chapter 3 of the SCP) and was the only aquifer in the Yucca Mountain area
serving a population of thousands of persons at the time that the site was
chosen for characterization (Section 3.8 of the SCP). Within the Amargosa
Desert where the valley-fill aquifer is used, it is underlain by the
Paleozoic rocks of the lower carbonate aquifer.

The lower carbonate aquifer is considered an irreplaceable source
because it supplies baseflow to the Ash Meadows region in southern Nye County
(Dudley and Larson, 1$76), which has been designated & critical habitat for
several species of endangered fish. The Ash Meadows area, however, is part
of a2 different ground-water subbasin (Ash Meadows) from the Alkali Flat-
Furnace Creek Ranch ground-water subbasin, which contains Yucca Mountain
(Section 3.6). Evaluations of the hydrologic feasibility of developing the
lower carbonate aquifer must consider the possibility of interbasin diversion
of this baseflow (Section 8.3.1.9.2). S

It is presently considered, with a medium level of confidence, that none
of the three aquifers is vulnerable to contamination within 1,000 yr after
emplacing waste at Yucca Mountain, based on the hydraulic and geochemical
characteristics of the thick unsaturated zone that would contain the reposi-
tory. 1In addition to its protection by the thick unsaturated zone, the lower
carbonate aquifer has & higher potentiometric head than does the tuff aquifer
in the vicinity of the site, according to data obtained from drillhole
UE-25p#l1 (Craig and Robison, 1984). Therefore, the potential or tendency for
flow is upward from the lower carbonate aquifer rather than downward into it.
Both the lower carbonate and tuff aquifers crop out in limited areas of
rugged terrain, indicating the potential for contamination directly into
these aquifers from future human activities is slight. However, a low level
of confidence is assigned (Table 8.3.5.15-1) to this determination for the
valley-fill aquifer because (1) the valley-fill materials occur at the sur-
face over broad areas and (2) the designation of a Class I source is not
restricted to its vulnerability to contamination from the proposed repository
(EPA, 1984). .

8.3.5.15-6
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Parameters

Most of the cultural parameters (i.e., demographic and water-use data)
needed to complete this information need relative to potential special
sources have already been obtained from preliminary investigations. Further
investigations being carried out as part of the geohydrology test program
will provide confirmatory hydrologic data needed to raise the confidence
level of the preliminary finding. The main parameters to be confirmed are

1. The degree and location(s) of hydraulic communication between the
aquifers of the flow system (Investigation 8.3.1.2.3).

2. The potential for contamination of the aquifers from the mined
geologic disposal system (Investigation 8.3.1.2.1).

3. Refined demographic information on local ground-water users
(Investigation 8.3.1.9.2). -

Logic

There are four criteria that must be met in order to.classify an aquifer
as a special source. One of the criteria (that the aquifers are located
within the controlled area or within 5 km of the controlled area boundary)
has been established with a high level of confidence. The three remaining
parameters will need to be known with greater certainty to resolve this
issue.

One analysis, which consists of two activitias, is planned to evaluate
the data that will be obtained from the gechydrology and human interference
programs. This analysis will be a synthesis of the required information and
will present the final evaluation of the three subject aquifers against the
regulatory criteria.

8.3.5.15.1.1 Analysis 1.3.1.1: Determine whether any aquifers near the site
meet the Class I or special source criteria

This analysis consists of two synthesis activities that will obtain -
required parameter values from Investigations 8.3.1.2.1 and 8.3.1.2.3, which
are part of the postclosura gechydrologic programs. Additional information
will be taken from Investigation 8.3.1.9.2, which is a part of the human
activities program. ’ :

8.3.5.15-7
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8.3.5.15.1.1.1 Activity 1.3.1.1.1: Synthesis and evaluation of hydrologic
and environmental information needed to determine whether
aquifers at the site meet the special source criteria

Objectives

The objectives of this activity are (1) to raise the confidence levels
of the previously obtained hydrologic and environmental data and (2) to
analyze these data in order to evaluate whether any aquifers at or near Yucca
Mountain meet the criteria for designation as a Class I or special source of
ground water. ‘ - ‘ '

Parameters

The parameters that will be obtained and evaluated are the location(s)
and degree of hydraulic communication between the aquifers and the expected
susceptibility of the aquifers to contamination from the mined geologic
disposal system. : _ _

Description

This activity will extract its parameters from Investigations 8.3.1.2.1,
6.3.1.2.3, and 8.3.1.9.2, which are needed to raise the confidence on the
determination whether any special source of ground water exists at or near
the Yucca Mountain site. The results of the synthesis will be evaluated in
conjunction with data obtained from Activity 1.3.1.1.2 (Section
8.3.5.15.1.1.2) and will be presented in a report.

8.3.5.15.1.1.2 RActivity 1.3.1.1.2: 8ynthesis and evaluation of demographic
and economic data needed to determine whether Class I or
special sources of ground water exist

Objectives

The objectives of this activity are (1) to obtain refined demographic
data on water use needed to establish the number of users from each aguifer
at the time Yucca Mountain was selected for site characterization and (2) to
examine the economic feasibility of development of the lower carbonate
aquifer for alternative water supply to local populations.

Parameters

The parameters that will be obtained and evaluated are population data
and locations, depths, and completion dates for all wells within the bound-
aries of the hydrogeologic study area (Chapter 3 of the SCP introduction).
Information on short-term water demand, water supply, and projected
socioeconomic conditions will be obtained (Section 8.3.1.9.2.2.1) and
evaluated to determine the economic feasibility of developing the lower
carbonate aquifer.

8.3.5.15-8
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Description

This synthesis activity will obtain data from Section 8.3.1.9.2.2.1
(human interference program) in order to evaluate the site aquifers against
the criteria for special source status. These criteria are (1) population
served at the time Yucca Mountain was selected for sxte characterxzatxon and
(2) presence of alternatzve water supplies.

8.3.5.15.2 1Information Need 1.3.2: Determine for all special sources
whether concantrations of waste products in the ground water

during_the first 1,000 yr after disposal could exceed the Timits

established in 40 CFR 191,16

Technical basis for addressing the information need
Link to the SCP'technical data chapters and applicable support documents

Section 8.3.5.13 (Issue 1.1, total system performance) presents the data
and methods relevant to this information need. The information contained in
this section supports the preliminary determination that concentrations of
contaminants in the ground water during the first 1,000 yr after disposal
will not exceed the llm1t3 establxshed in 40 CFR 191 16.

Parameters

The parameters needed to satisfy this information need will be obtained
from other studies, in particular frem the geohydrology program (Section
8.3.1.2) and the total system performance issue (Section 8.3.5.13). The main
parameters are (1) concentration of existing contaminants in all potential
special source aquifers identified by Analyszs 1.3.1. 1 and (2) total system
performance over the next 1,000 yr.

Logic

- This information need will be investigated only if it is determined that
a special source of ground water exists wzth;n 5 km of the controlled area at '
Yucca Mountain (Fzgu:e 8.3.5. 15-1) ‘

8.3.5.15.2.1 2nalysis 1.3.2.1: Determine the concentrations of waste
products in any special source of ground water during the first
1,000 yr after disposal

This analysis consists of one activity that will calculate the concen-

tration of waste products in any spec-al-source aquifers during the first
1,000 yr after d;sposal '

8.3.5..5-9
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8.3.5.15.2.2 Activity 1.3.2.1.1: Synthesis and evaluation of releases of
waste products to special sources of ground water during the
first 1,000 yr after disposal

Objectives

The objecti#e of this activity is to determine the quantity of waste
products that could be released and transported to a special source of ground
water durxng the fzrst 1,000 yr after disposal.

Parameters

The parameters that vwill be obtained are the releases to the accessible
environment under expected conditions over the first 1,000 yr after di§posal;

,Descrxgtzo _

This study will obta;n 1nformatzon dl:ectly from studies associated with
Issue 1.1 (total system performance, Section 8.3.5.13). The difference
between this issue and Issue 1.1 is that the parameters and scenarios to be
considered in this issuve will only cover the first 1,000 yr after disposal
under expected conditions, whereas Issue 1.1 examines releases over 10,000 yr
under expected and unexpected condltzons. No additional information is
requested under thls activity. .

8.3.5.15-10
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8.3.5.16 1Issue resolution strategy for Issue 1.7: Will the performance-
confirmation program meet the requirements of 10 CFR 60.137?

Requlatory basis for the issue

Issua 1.7 addresses the NRC requirements for performance confirmation. \ndl
10 CFR 60.137 requires that the repository be designed to permit implementa-
tion of a performance confirmation program in accordance with the raquire- -
ments of Subpart F of 10 CFR Part 60. Subpart F gives both general and spe-
cific requirements for a program directed toward confirming that the actual
subsurface conditions and changes in those conditions during construction and
operations are within the limits specified in the license application (10 CFR
60.140(a) (1)), and that the natural and engineered systems are functioning as
intended and anticipated (10 CFR 60.140(a) (2)). The program is to be started
during site characterization and continued until permanent closure (10 CFR
60.140(b)). Specific data collection activities are required, and subsurface
conditions are to be evaluated and compared with the original (license appli-
cation) design bases and assumptions to determine if changes are needed in
design to accommodate actual field conditions encountered (10 CFR 60.141).
Diffarences and changes must be reported to the NRC (10 CFR 60.141(a)). The
program must also test the effectiveness of engineered portions of the repos-
itory (10 CFR 60.142), and the waste packages (10 CFR 60.143). The construc-
tion authorization from the NRC will incorporate provisions requiring that
the DOE provide additional information during construction with respect to
(1) differences between actual conditions and the raepository design basis
(provided in the license application), (2) any deficiencies in the design and
construction that could adversely affect safety, and (3) research and -
development results intended to resolve safety issues (10 CFR 60.32(b)). The
performance confirmation program will be designed to address appropriate
portions of these information requirements.

As defined in 10 CFR Part 60.2, '

performance confirmation means the program of tests, experiments,
and analyses which is conducted to evaluate the accuracy and
adequacy of the information used to dstermine with reasonable
assurance that the performance objectives for the period after
permanent closure will be met.

The repository must ba designed so as to permit the performance confirmation
program to be implemented (10 CFR 60.137), and the program must include tests
that the NRC deems appropriate (10 CFR 60.74(b)). A performance confirmation
plan will be available in the same time frame as the license application to
guide the development and implementation of the program.

The DOE considers that the repository conditions and design assumptions
integral to demonstrating compliance with the postclosureé performance objec-
tives should be the primary subject of the performance confirmation program.
In addition, the validity of models and the assumptions and uncertainties
associated with their application to demonstrate compliance with these
objectives are crucial aspects to be addressed by the performance confirma-
tion program. These aspects are also discussed in Section 8.3.1.1 (overview
of the site program) and Section 8.3.5.20 (analytical techniques requiring
significant development). The DOE has spacified that collection of data and

8.3.5.16-1 .
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performance of analyses to support the license application be adequate to
quantify site performance and demonstrate that conceptual model(s) adequately
represent relevant processes. This requirement was used to determine which
data collection and analysis activities must be completed prior to submittal
of the license application and which should be continued, as part of the
performance confirmation program, to confirm the assumptions presented in the
license application. The portion of the performance confirmation program
that succeeds the license application will be deSLgned to confirm that the
models chosen from the suite of alternatives continue to be the alternatives
most consistent with site data. This is consistent with the requirements of
10 CFR 60.140(a) (1) and (2). The confirmation program implemented following
submittal of the license appllcatlon will be based on tests begun during site
characterization and continuing in various forms through permanent closure.

For purposes of implementing 10 CFR €0 Subpart F, the DOE has estab-
lished a performance confirmation program consisting of two phases (shown
schematically in Figure 8.3.5.16-1): (1) a baseline phase ending with the
submittal of the license application for construction authorization (10 CFR
60.140(d) (2)), and (2) a confirmation phase that begins with the submittal of
the license application and ends with the approval of the license amendment
for permanent closure (10 CFR 60.51). The confirmation phase is subdivided
into three periods: (1) an interim period, ending with the issuance of the
construction authorization, during which performance confirmation activities
will be consistent with the requirements of 10 CFR 60.140(d) (2); (2) the
construction period, ending with the issuance of the license to accept waste,
during which the appropriate requirements of 10 CFR 60.141 and 60.142 will be
addressed: and (3) the operation period, ending with the license amendment
for permanent closure, during which the confirmation activities under 10 CFR
60.141 and 60.142 will be continued and additional testing and monitoring
will be initiated to meet the intent of 10 CFR 60.143. The performance
confirmation program ends with the issuance of the license amendments for
closure (10 CFR 60.51) and license termination (10 CFR 60.52).

Technical background and licensing strategy

The performance confirmation program is the p:ogram of testing, analy-
sis, and monitoring activities required to confirm assumptions regarding the
subsurface conditions &t the site and the functioning of the engineered and
natural systems as predicted by the performance assessment calculations pre-
sented in the license application. At the time of license application
submittal, sufficient information must be provided to allow the commission to
determine, with reasonable assurance, that the geologic repository will not
pose unreasonable risk to the health and safety of the public. Understanding
of the site and confidence in the ability to predict the performance of the
site and engineered barriers will increase as the project progresses. The
purpose of the performance confirmation program (which will be continued
until permanent closure) is to supply added confidence, beyond that supplied
in the license application, that the actual subsurface conditions are within
the limits assumed for the geotechnical and design parameters in the license
application and that the engineered and natural systems of the repository are
functioning as anticipated to meet the 1ong-term performance ob;ect1ves for
containment and isolation.

8.3.5.16-2
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The DOE’s performance confirmation program, as discussed later in more
detail, consists of a baseline phase that includes collection of data that is
a subset of the data collected during site characterization and a subsequent
confirmation phase that involves the testing and monitoring needed to add
additional confidence to the assumptions and performance assessments provided
in the license application. The DOE’s position is that the subset of the
site characterization activities presently planned to obtain and evaluate
baseline information on conditions at the site, and to monitor and analyze
changes from these conditions as a result of site characterization, meets the
requirements of 10 CFR 60.140(d) (2) and (3) for that part of the performance
confirmation program that could reasonably be expected to begin during site
characterization. Therefore, no performance confirmation activities for the
baseline phase have been specified in addition to the site characterization
activities already planned. The information and data needs identified
through the performance allocation process represent the baseline information
on site parameters and natural processes that will be obtained during site
characterization.

During site characterization, information is gathered (1) to evaluate
the suitability of the site, (2. .. Jjevelop a suitable design, and (3) to
make defensible performance 2ssessments to establish with reasonable assur-
ance that the performance objectives will be met. Most of the postclosure
performance issues have been designed to address the NRC’s performance objec-
tives. Through the activities undertaken to support resolution of these
issues (Issue 1.1 through 1.6), information will be made available to demon-
strate compliance with the related performance objectives. The DOE’s issue
resolution strategy, as described in Section 8.1, involves an iterative
process of testing and analyses. When sufficient information is gathered to
prepare defensible performance assessments for the license application, the
DOE’s issue resolution process for the license application can be considered
complete and the results documented. Information supporting the resolution
of performance issues (that is, demonstrating compliance with the performance
objectives) will be included in the license application. This information
will be supplemented, as necessary during the licensing proceedings and at
each stage of repository development, by testing and monitoring to be
conducted under the confirmation phase of the performance confirmation
program designed to satisfy the applicable and appropriate requirements of
10 CER 60.140-143.

The details of the testing and monitoring activities of the performance
confirmation program to be conducted following the submittal of the license
application are expected to be developed and the baseline phase conducted in
conjunction with the issue resolution process during site characterization.
The resolution of Issue 1.7 is linked to the resolution of Issues 1.1 through
1.6 in that the performance assessments, issue resolution strategies, and
baseline data developed during site characterization to support issue resolu-
tion in the license application will, in large measure, determine the nature
of the information to be obtained under the confirmation phase of the per-
formance confirmation program. At the beginning of site characterization,
only very general plans for the program can be defined. The plans will
mature in parallel with the development of the assessments needed for the
license application as the parameters and measurements most significant to
the confirmation program are identified. Preliminary design provisions for
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accommodating performance confirmation testing and monitoring in the reposi-
tory are given in the SCP Conceptual Design Report (SNL, 1987). As issues
are resolved to support the license application, the testing and monitoring
activities to be conducted under the performance confirmation program will
become better defined. Development of the details for each phase of the
performance confirmation program will proceed in accordance with the general
schedule indicated in Figure 8.3.5.16-1. o : '

As stated previously, Issue 1.7 focuses on the performance confirmation
program responding to Subpart F of 10 CFR Part 60. Based on the content of
Subpart F, the objectives to be met by the DOE’s performance confirmation
program can be described as follows: '

1. Develop baseline information: Develop information on subsurface
conditions and natural systems important to the performance assess-
ments to be provided in the license application and those aspects of
design integral to the assessments (10 CFR 60.140(d) (2)); monitor
and analyze changes in this baseline information as a result of site
characterization, and predict changes resulting from construction
and operation (10 CFR 60.140(d) (3)); begin collection of such
information during site characterization (10 CFR 60.140(b)).

2. Confirm baseline information: Confirm, to the extent practicable,
‘that actual subsurface conditions and the changes in those condi-
tions resulting from construction and operation are within the
limits assumed in the license application (10 CFR 60.140(a) (1) -
and (d)(3); 10 CFR 60.141).

3. Confirm barrier and seal performance: Confirm, to the extent practi-
cable, that natural and engineered systems and components that are
designated or assumed to operate as barriers after permanent closure
are functioning as intended and anticipated within the limits
described in the license application (10 CFR 60.140(a) (2); 10 CFR
60.142-143)). - v . - :

These objectives will be pursued in a manner that does not adversely affect.
the ability of the natural and engineered barriers to meet the performance
objectives, as required by 10 CFR 60.140(d) (1). This concern is addressed
specifically in Section 8.4.3, which is applicable to the baseline phase of
performance confirmation that will be conducted during site characterization.
If, at any time, the monitoring or testing being conducted as part of site -
characterization (for example, the multipurpose borehole tests) indicates
that changes being brought about by characterization activities (a.g., shaft
sinking) may adversely affect repository performance, appropriate analyses
and mitigation actions will be implemented as required by 10 CFR

60.140(d) (49). . , R

Figure 8.3.5.16-1 shows the phases of the DOE’s performance confirmation
program relative to the stages of the overall repository program. The DOE’s
performance confirmation program, as discussed earlier, is divided into base-
line and confirmation phases, with the submittal of the license application
serving as’ a convenient demarcation between phases. Before the license
application, site characterization testing provides for baseline data‘on site
conditions important to repository design and performance, monitoring of
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changes in those conditions as a result of site chaiacterization, predictions
of changes in those conditions as a result of construction and operation, and
predictions of repository performance after closure.

With the submittal of the license application, the DOE begins the formal
licensing process with the NRC. The license application will present the
performance assessments intended to show that repository performance will
satisfy the regulatory postclosure performance objectives and will also
present the data on site conditions upon which the repository design and
performance assessments are based. Further data gathering activities after
the application is submitted are intended to be confirmatory or for other
purposes, such as design optimization. .

A subset of the testing conducted during site characterization to
support the resolution of the performance and design issues in the license
application will provide the baseline data needed to meet the requirements of
10 CFR 6€0.140(d) (2),(3). This includes baseline data on the parameters
important to design and performance, as well as data on natural processes
that may be changed by site characterization, construction, and operational
activities. All the activities presently required to obtain this baseline
information are included in the site characterization program, and the
information needed is identified in the performance allocation tables., 1If,
based on data and other information gathered during site characterization,
the need for additional baseline information is identified, the baseline
phase of the performance confirmation program will be appropriately expanded
or otherwise modified.

Some of the site characterization activities that also meet requirements
of 10 CFR €0.140(d) (2) and (3) for performance confirmation during the base-
line phase will be continued past the license application submittal date, if
continuation of these activities would produce useful data of a confirmatory
nature. Such activities fall into two general categories: (1) long-term
monitoring of natural processes, events, or site conditions (e.g., seismic
monitoring and monitoring of unsaturated zone hydrologic parameters) and
(2) long-duration in situ testing to characterize processes and evaluate
conceptual models (e.g., in situ testing of flow processes in the unsaturated
zone) . These activities are also comsistent with and would support the
requirements of 10 CFR 60.141 for confirmation of geotechnical and design
parameters during construction and operation. Data collected from such
activities during characterization would be used in licensing assessments.

Tables £.3.5.16-1 and -2 list the testing and monitoring activities in
each of the above categories that have been tentatively identified. Included
in the tables are the test titles, locations, purposes, value for performance
or design confirmation, approximate dates, and the SCP section that provides
the information. The column describing the value of the activity to perform-
ance or design confirmation provides a link between the performance confir-
mation program and the appropriate regulatory requirements or technical con-
cerns relating to repository performance. In addition to these long-duration
monitoring and testing activities to be conducted as part of site characteri-
zation and continued into the confirmation phase, certain tests may be ident-
ified as being necessary for confirmation only. If the time scales for such
testing are long, they may be initiated during site characterization. &
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test currently identified in this category is the heated room test shown in

Table 8.3.5.16-2. These lists are not intended to be complete, but rather to

indicate the tests that have been tentatively identified at this time as

being useful for performance confirmation. As issue resolution proceeds RN
during site characterization, confirmation phase testing and monitoring ~J-
activities may be added or deleted. ' >

The performance confirmation program draws upon basasline data collected
during site characterization. The manner in which these baseline data are
used in performance assessment determines the extent of the testing and mon-
itoring activities needed. During the baseline phase, details of the per=~
formance confirmation program will evolve in parallel with the development of
the performance assessments. In the license application, the assessments of
site performance will be presented, accompanied by information that describes
the testing and monitoring needed to evaluate the accuracy and adequacy of
the information and models used in those assessments. Tha repository design
presented in the license application will also contain any featurss (test
rooms, monitoring stations, etc.) determined to ba necessary for the testing
and monitoring activities to be conducted as part of the performance con-
firmation program. : coe

As shown in Figure 8.3.5.16-1, the confirmation phasa follows the base-
line phase, During the confirmation phase, predictions of baselina condi-
tions and the changes caused by repository comstruction and operation are to
- be confirmed (objective 2), to the extent practicable, along with barrier and
- seal performance (objective 3). The confirmation phase consists of three :
. divisions: the interim confirmation period (the period after the license -
- application submittal until issuance of the construction authorization) and
the construction and operation period (beginning with repesitory construction
- and ending with the receipt of the license to accept wasts), and the opera=-
- tions period (ending with the approval of the license amendment for permanent \_‘)
- closure). During license application review. (the interim confirmation
period), the DOE will continue to conduct testing and monitoring activities,
such as those indicated in Tables 8.3.5.16-1 and -2, both at the site and in
the exploratory shaft facility. This testing will serva to confirm baseline
conditions and support the predictions of changes to thase conditions. Once
~he construction phase begins, predicted changes in site conditions (10 CFR
60.141), as well as the assumed performance of the natural and engineared
systems (10 CFR 60.142), can be confirmed by the testing and monitoring
programs conducted during this phass. During the operation period, ths
performance confirmation program designed to meet the requirements in 10 CFR
60.141 and 60.142 will be continued and additiocnal confirmation activitias
. will be initiated to meet the requirements of 10 CFR 60.143.

As mentioned previously, results of postclosure performance assessments
are based on the site characterization and involvae predictions of performance
into the postclosure time: frame. These long-term predictions are made on the
basis of conceptual models that are evaluated using data acquired over
shorter time frames, and possibly throuch the use of natural analogs. To
confirm these performance assessments, surrogates for the barrier performance
that can be measured by field and labcratory testing must be defined. These

surrogates are appropriately referrsd t: as confirmation measures. These
measures are not substitutes for perfcrmance but rather testable measures
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that, if they achieve target values or goals, will give confidence that the
performance objectives will be met. These measures are then the focus of the
testing, monitoring, and analysis efforts designed to confirm their predicted
behavior. For example, corrosion rates for container materials could be used
as a2 confirmation measure for the waste-package containment performance
objective. :

The confirmation measures eventually identified will probably be closely
related to some of the performance measures or parameters developed through
the performance allocation process. Confirmation measures will be derived
that relate to waste package containment, engineered barrier release, and
backfill and seal behavior. Based on site-specific needs, additional meas-
ures may be identified. Testing to confirm the predicted values of confirma-
tion measures may be initiated as early as site characterization, but will
most likely take place during the construction/operation phase.

Postclosure performance predictions are largely based on nmumerical
modeling, and therefore, a program for the evaluation of the numerical models
to be be used is an important part of the confirmation program. The models
of concern to the performance confirmation program are those used in the
license application to predict long-term performance and from which the
values of the confirmation measures may be identified. Evaluations of these
models will have been begun during the site characterization period and will
continue as needed until permanent closure and the models are considered to
be consistent with site data and to adequately represent the conditions and
processes at the site. Parameters critical to the evaluation of models will
be identified during the baseline phase (site characterizationm). Any
confirmation phase testing judged necessary to supply added confidence to
model evaluation efforts will be identified and may be initiated during the
license application review period, consistent with the development of the
detailed plans for confirmation phase testing and monitoring. Section
8.3.1.1 discusses alternate model evaluations and hypothesis testing, while
Section £.3.5.20 discusses numerical model validation and the specific
testing currently planned.
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