
Chapter 5 
Gas Flow and Transport 

(Wilson, Barnard) 

Gaseous releases of 14C in the form of 14C0 2 are expected to be important for 
a partially saturated repository (see, e.g., Park and Pflum, 1990; Van Konynenburg, 
1991). A significant amount of 14C is in the spent-fuel inventory. In Chapter 4 it is 

pointed out that the radionuclide source model being used assumes rapid releases 
(higher than the NRC containment criterion in 10 CFR Part 60 would allow) of the 
highly soluble species from the EBS because of oxidation alteration of the spent-fuel 
matrix. 14C also falls into the alteration-limited release category and, because gas 
transport times tend to be much shorter than water transport times, there is potential 

for large (in terms of EPA ratio) releases of 14C to the accessible environment.  
Figure 5-1 shows schematically some of the important factors that go into the 

gaseous flow and transport calculations.  
The analysis of gaseous release and transport is very similar to the analysis of
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Figure 5-1. Factors included in the gas-flow problem.
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aqueous release and transport in Chapter 4. Models are needed for release of 1 4 C 

from the EBS, for gas flow, and for transport of 14CO2. These models are discussed 

in the following sections. The models are combined with probability distributions of 

their input parameters to generate probability distributions of the performance mea

sures (the EPA ratio and the NRC ratio), which are then compared to the prescribed 

limits.  

The probabilistic calculations were performed using the Monte Carlo method, 

in which "realizations" of the system are successively generated by random sam

pling from the input probability distributions. For each realization, the releases of 

radionuclides to the accessible environment in 10,000 years were calculated. The 

results from all realizations were used to determine the probability distributions of 

the releases.  

As for aqueous releases, the Monte Carlo simulation of gaseous releases was 

done with the TSA computer program (Wilson et al., 1991; Wilson, 1992). A flow 

diagram of the method is shown in Figure 5-2. As shown in the figure, there are 

two separate calculations of gaseous releases, corresponding to the two conceptual 

models of unsaturated-zone water flow (the composite-porosity model and the weeps 

model-see Chapter 4). Even though water flow is not directly of interest in the 

gas-flow calculation, it influences the gaseous releases from the EBS because waste 

mobilization and release from the waste containers is dependent on contact of liquid 

water with the waste containers. For simplicity, the gas- and water-flow calculations 

in this TSPA were performed separately. In a more sophisticated treatment, gas and 

water flow would be coupled.  

5.1 Problem development and scenario screening 
The scenario describing the TSPA gas flow and transport analysis was devel

oped from the same FEP diagram as was used for the groundwater-flow problem.  

The upper-level FEPs for this scenario are the same as for groundwater flow, e.g., 

"Distributed Infiltration" and "Imbibition into Matrix Near Surface," and are shown 

in Figure 4-1. As with the groundwater-flow problem, the composite-porosity and 

weeps models are considered to be the two mechanisms important to release of 

radionuclides from the EBS. All the branches of the FEP diagram in Figure 4-1 

end with the FEP "Interaction with the Repository." Figure 5-3 shows the subse

quent FEPs; no distinction is made here between container failure occurring in the 

composite-porosity model and that occurring in the weeps model.  

As Figure 5-3 shows, the same two conditions for the repository-"Hot Repos

itory" and "Cold Repository"--appear in the gas-flow FEP diagram as in the water-
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Figure 5-2. Flow diagram for the two TSA gaseous-transport simulations, one for 
composite-porosity water flow and one for weeps water flow. (Only the source 
calculations are different; the transport calculations in GASTSA and WPGASTSA 
are identical.)
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flow FEP diagrams (Figures 4-2 and 4-3). For the "Hot Repository" FEPs, the same 

two-phase processes are included as for groundwater flow. The gas-flow and water
flow FEPs are both part of the same FEP diagram, but Figure 5-3 shows only the 

gas-flow part and Figures 4-2 and 4-3 show only the water-flow part. The paths 

applicable to the TSPA gas-flow analysis are shown as T and @ in Figure 5-3.  

The scenario that would most likely produce fast and large releases would occur 

from venting gas to the surface.  

The TSPA gas-release calculation considers only the release of 14C, in the form 

of 1 4C0 2. It is assumed that the 14C0 2 has formed in the spent fuel from chemical and 
radiolytic processes occurring since discharge of the fuel from the reactors. The gas 

inventory includes that available at the time the waste package is breached and that 

formed later due to alteration of the fuel. Gas is released to the rock surrounding the 
waste packages by failure of those packages. It is assumed that either unsaturated or 
saturated groundwater conditions could cause these failures. After a waste package 

is breached, the 14C0 2 escapes into the surrounding rock. The rock surrounding 
the waste packages will be disturbed by the construction of the repository. The 
most likely effect of this disturbance is to alter the stress fields such that there could 

be more or larger fractures. In addition, the backfilled repository drifts represent 
rock volumes that are considerably different from the country rock. The gas can be 

expected to move into this volume.  

The mechanism specified in the TSPA analysis for gas to move from the repos
itory to the surface is flow through connected fractures or faults. Flow through 

the Topopah Spring Formation (Tps), the Paintbrush nonwelded tuff, and the Tiva 
Canyon Member are listed separately because of the likely differences in the flow 
rates. The Paintbrush nonwelded tuff is probably much less fractured than the Tps 

Formation and therefore would have lower gas-flow rates. The Tiva Canyon Mem
ber is probably similar to the Tps. In addition, the Topopah Spring has outcrops in 

Solitario Canyon, so it is possible that some of the gas flow can avoid the Paintbrush 

and Tiva Canyon entirely.  
The radionuclide release-vs.-time has a component for the promptly released 

fraction, and one for the gas released due to fuel-matrix alteration. In addition, 

the curve shape depends on the assumptions made about what happens to the gas 
when it first escapes from the waste packages. If it goes directly into the connected 

fractures, the release will be as described above. If it goes into the repository drifts 

before moving into the fractures, the prompt-release fraction can be damped, and 
the alteration-release fraction can occur over a longer time. This process is not 
considered in the TSPA analysis, but is shown in Figure 5-3 as path (.
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5.2 Radionuclide source term for gaseous releases 
The radionuclide source term for gaseous releases is essentially the same as the 

source term for aqueous releases, which was already described in Sections 4.3 and 

4.4.4 (for composite-porosity water flow and weeps water flow, respectively). This 

TSPA includes two different Monte Carlo simulations of gaseous release, flow, and 

transport. The flow and transport calculations are the same for the two simulations, 

but different assumptions are used in calculating the source releases because the 

source model is dependent on the choice of groundwater-flow model. The parts 

of the source model that are the same as given in Chapter 4 will not be repeated; 

only the additional information needed to complete the specification of the gaseous 

source term will be presented.  

Table 5-1 gives inventory and general information for 14C in spent fuel. The 

data sources are the same as given previously for Table 4-1 and additionally Park 

and Pflum (1990). Note that 14C is the only radionuclide considered to be transported 

in gaseous form (Van Konynenburg, 1989). In the release calculations, there is no 

attempt to distinguish between gaseous and aqueous mobilization of 14C in the waste 

container. One of the basic assumptions in the transport calculations is that carbon 

dioxide in the air is in equilibrium with bicarbonate in the water (and other aqueous 

carbon species; at the pH of groundwater in Yucca Mountain, bicarbonate is expected 

to be the predominant form of dissolved carbon). This implies that, whether the 14C 

is initially released in gaseous or aqueous form, it will quickly come to equilibrium 

and be transported primarily via the gas flow. This assumption will be discussed 

more fully in the next section.  

The inventory figures in Table 5-1 could be high. Van Konynenburg (1991) 

re-examined the assumptions of Roddy et al. (1986) regarding 14C production dur

ing reactor operation, and he suggested the following revised inventory numbers 

Table 5-1. Some 14C data.  

Quantity Value 

Inventory (Ci/MTHM) 1.54 
Inventory in fuel matrix (Ci/MTHM) 0.58 
Inventory in cladding (Ci/MTHM) 0.51 
Inventory in assembly hardware (Ci/MTHM) 0.45 
Half-life (yr) 5729 
Activity (Ci/mol) 62.4 
NRC limit (Ci/MTHM-yr) 1.67 x 10-5 
EPA limit (Ci/MTHM) 0.1 
Release type alteration-limited
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(his figures for PWR and BWR inventories have been combined in a 60%/40% ratio, 

consistent with the other inventory numbers used for this study): fuel-matrix inven

tory, 0.58 Ci/MTHM (unchanged); cladding inventory, 0.26 Ci/MTHM (about half 

the value in Table 5-1); and assembly-hardware inventory, 0.17 Ci/MTHM (about 

38 percent of the value in Table 5-1). Van Konynenburg's revised inventories were 

not adopted for this TSPA, but should be considered for use in future TSPA studies.  

Aside from the gaseous nature of the `4C releases, the other major difference 

between 14C releases and releases of the other nuclides being modeled (see Table 4-1) 

is that 14C has a significant fraction of its inventory outside the fuel pellets. As shown 

in the table, there are significant amounts of 14C in the fuel-rod cladding and in the 

fuel-assembly hardware in addition to the U0 2 fuel matrix. As already mentioned 

in Section 4.3, ideally there would be source submodels to describe releases from the 

cladding and the fuel-assembly hardware, but they are not included at the present 

time. For this TSPA, the releases from cladding and hardware were neglected except 

for the important quick-release part of the cladding releases (Park and Pflum, 1990; 

Wilson, 1991). It should be reasonable to neglect these releases because they should 

be small compared to releases from the fuel matrix (Wilson, 1991, estimated the 

time scales for releases from cladding and fuel-assembly hardware to be greater 

than 60,000 yr-much greater, in the case of cladding releases-whereas the fuel

"matrix-alteration time scale used in this study to determine the rate of releases from 

the fuel matrix varies from 1,000 yr to 20,000 yr-see Table 4-2).  

The quick-release fraction of the `4C inventory comes from an oxidation layer 

on the surface of the fuel-rod cladding (Van Konynenburg et al., 1985, 1987). The 14C 

comes off in gaseous form and is available for release as soon as the waste container 

has failed (release does not require cladding failure because it is on the outside of 

the cladding). The quick-release inventory of 14C should be released earlier than the 

gap/grain-boundary inventory, but the source model being used has no provision for 

including the cladding as a barrier (i.e., the cladding-failure time is being neglected), 

so for these calculations the quick-release 14C and the gap/grain-boundary 14C were 

lumped together into the "prompt" inventory fraction fp. It is uncertain how much 

of the 14C inventory might come off in the initial pulse upon container failure, but 

a recent review by Park and Pflum (1990) suggests that it might be as much as 5 

percent of the 14C inventory. The gap/grain-boundary fraction is also uncertain, 

but the aqueous-release calculations assumed it to be 2 percent. For compatibility, 

2 percent was also assumed for 14C, but only 2 percent of the fuel-matrix portion 

rather than 2 percent of the whole inventory.  

As a result of the assumptions discussed above, the following numbers were
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adopted. The quick-release fraction of the 14C inventory was assumed to vary be
tween 0.5 percent and 5 percent of the total inventory; i.e., between 0.0077 Ci/MTHM 
and 0.077 Ci/MTHM, since a total inventory of 1.54 Ci/MTHM is being assumed 
(Table 5-1). The gap/grain-boundary fraction was assumed to be 2 percent of the 
fuel-matrix inventory of 0.58 Ci/MTHM; this amount comes to 0.012 Ci/MTHiM.  
The combination of quick-release and gap/grain-boundary inventories thus varies 
from 0.019 Ci/MTHM to 0.089 Ci/MTHM. The fuel-assembly-hardware part of 
the inventory (0.45 Ci/MTHM) is neglected entirely and most of the cladding in
ventory (0.51 Ci/MTHM) is also neglected, except for the quick-release part of the 
cladding inventory. The total modeled `4C inventory consists of the matrix part (0.58 
Ci/MTHM) plus the quick-release part (from 0.0077 Ci/MTHM to 0.077 Ci/MTHM), 
so the 14C inventory varies from 0.58 Ci/MTHM to 0.65 Ci/MTHM. The prompt 
fraction is the quotient of the combined quick-release and gap/grain-boundary in
ventories, and the total inventory; therefore, the prompt fraction varies from 0.03 
to 0.14 (0.019/0.58 • 0.03 and 0.089/0.65 - 0.14). Uniform probability distributions 
were used and a correlation was built into the sampling so that if a high prompt 
fraction was chosen for a realization then a high value for the inventory was also 
chosen. This information is summarized in Table 5-2.  

The source-term calculation proceeds exactly as described in Sections 4.3 and 
4.4.4, with the following exception: The time scales for transport out of the waste 
container (,t,, where i = 0,1, 2 and x = s, d, c, din, or dw) are set to zero. That is, the 
amount of time it takes the 14C to get out of the waste container after it has been 
mobilized is neglected. This change is not significant because the transport times, 
as defined in Section 4.3, are small in most cases anyway, so that the other time 
scales (for container failure, for fuel-matrix alteration, etc.) determine the behavior.  
The reason for making the change is that the time for gas to get out of a waste 
container is probably small compared to the time for liquid to get out of a waste 
container. Some work has been done on modeling diffusion of gases, including 
carbon dioxide, out of a breached waste container (Light et al., 1990; Pescatore, 

Table 5-2. Probability distributions assumed for 4̀C inventory.  

Model parameter Distribution Distribution parameters' Mean value 
14C inventory, Io (Ci/MTHM) uniform 0.58, 0.65 0.0615 
14C prompt fraction, fp uniform 0.03, 0.14 0.085 

Note: a rank correlation of 0.9 was assumed between I0 and fp.  
0 Parameters for the uniform distribution are minimum, maximum.
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1990), but that work generally assumes that the container is mostly intact except for 

a few pinholes or cracks. That assumption is not consistent with the assumptions 
made for the aqueous-release source model in Section 4.3, where the waste container 

as a barrier was neglected after failure. To be consistent, it is neglected here, for 
gaseous releases, as well. Clearly, though, future work should include more realistic 
container models for both aqueous and gaseous releases.  

5.3 The gas-flow model 
Benjamin Ross and his coworkers at Disposal Safety Incorporated have been 

developing a gas-flow model of Yucca Mountain under contract to Sandia National 
Laboratories. The most comprehensive calculations to date of gas flow within Yucca 
Mountain are reported by Ross et al. (1992). The TSPA calculation of 14C transport 

uses their results directly. In this section, an overview of the gas-flow model and its 
major assumptions will be given; a discussion of how those results are used within 

the TSA will be given in the following section.  
The Ross et al. computer model, called TGIF, is a two-dimensional, steady-state 

model of gas flow within Yucca Mountain. The major assumptions that go into the 

gas-flow model are: 

"" Thermodynamic equilibrium exists among air, water vapor, and water.  

"* The gas is saturated with water vapor.  

"* Changes in partial pressure of water vapor are accommodated by changes in 

gas composition, with the total pressure remaining nearly constant.  

"* Molecular diffusion resulting from gradients of water-vapor partial pressure 
has a negligible effect on gas flow.  

"* The porous matrix and fractures could be treated together as an equivalent 

porous medium.  

"* The presently available results assume steady-state conditions. There are at 
least two important implications of this assumption. First, there must be a 

steady water source (presumably surface infiltration) to replenish the water 
that the moist underground air carries out into the atmosphere. Second, atmo
spheric temperature, humidity, and pressure are assumed constant (in time, not 
in space) in the calculations. The diurnal and annual variations are neglected 

and average values are used.
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See Ross et al. (1992) for additional details.  

In addition to describing the model, Ross et al. present results of a series of 

detailed calculations of gas flow in Yucca Mountain, both under ambient condi

tions and with a repository present, providing additional thermal driving force. For 

the detailed calculations that were made, four east-west cross-sections were used.  

Figure 54 shows a plan view of the potential repository area with a grid superim

posed. The four east-west grid lines that cross the potential repository area indicate 

the locations of the four model cross-sections. Figures 5-5 through 5-8 show the four 

cross-sections. The most important features affecting the gas flow are: 

"* The assumed repository. Repository heating is very important in driving the 

gas flow.  

" The layer of nonwelded tuff, labeled PTn in the figures. It is between two 

layers of welded tuff labeled TSw and TCw; TSw corresponds to "welded" 

in Figure 4-16. The nonwelded tuff probably has lower permeability than 

the welded tuff because it is not as heavily fractured. Because of the lower 

permeability it could act as a confining layer, slowing flow to the surface.  

" The surface topography. Under ambient conditions, the temperature, humidity, 

and pressure differences between the atmosphere and the subsurface gas are 

important in driving the gas flow. At high repository temperatures, repository

induced thermal driving tends to overwhelm the topographic effects, but they 

are never negligible.  

The lower boundary of the welded tuff (TSw in the figures) is used as the lower 

boundary of the calculational mesh because there is probably a penneability reduc

tion there, too, leading to little gas flow downward into the nonwelded tuff. The 

western boundary of the calculational mesh is at the trough of Solitario Canyon, 

which is probably a natural flow boundary; the eastern boundary of the calculational 

mesh is set far away from the assumed repository so that that boundary condition 

will have little effect on the solution near the repository.  

Figures 5-9 and 5-10 show examples of the calculational results for the pre

dicted gas-flow pathlines, Figure 5-9 for ambient conditions and Figure 5-10 for a 

repository heated to a uniform temperature of 330 K (approximately 30 K above 

ambient). The calculations show air being drawn in at lower elevations and then 

expelled at higher elevations. Repository heating can cause large convection cells 

to form. In the simulations shown, the permeability of the nonwelded tuff (shown 

as a narrow shaded band) was set to 1 percent of the permeability of the welded
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Figure 5-4. Map of the repository (taken from Figure 6-1 of Ross et al., 1992).
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Figure 5-9. Path lines with ambient temperature and nonwelded/welded permeabil
ity ratio of 0.01 (0.1 in faulted area). Cross-section N762500. (Taken from Figure 6-13 
of Ross et al., 1992.)

Figure 5-10. Path lines with the repository heated to 330 K and nonwelded/welded 
permeability ratio of 0.01 (0.1 in faulted area). Cross-section N762500. (Taken from 
Figure 6-14 of Ross et al., 1992.)
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tuff. This choice is somewhat arbitrary, and simulations were also performed using 

other values for the permeability ratio (Ross et al., 1992; Lu et al., 1991). The results 

for permeability ratio of 1 percent were used as the base case in the transport cal

culations described in the next section. This choice was made because Thorstenson 

(1991) observed that naturally occurring 14C abundances differ above and below the 

nonwelded unit (at drill hole USW UZ-1), which implies that the air-flow systems 

above and below are fairly independent. In the simulations, the nonwelded layer is 

fairly effective as a semi-confining layer that separates the mountain into two flow 

systems, but more so as the permeability ratio decreases. Thorstenson's measure

ments of 14C abundance also provide some qualitative validation of the gas-flow 

model, because the measurements found "4C abundances of a fourth to a half of the 

modern abundance, and the calculated 14C travel times for ambient conditions are a 

few times the half-life of 5700 yr. Permeability will be discussed more later, but for 

now let us note that the gas-flow equations used are linear in the permeability, so 

the absolute value does not affect the pathlines shown in Figures 5-9 and 5-10, but 

only the relative values for the different layers.  

Additional considerations enter into the calculation of transport of carbon diox

ide to the surface. The 14C travel time from repository to surface is sensitive to the 

permeability values chosen for the rock layers and to the assumptions made con

cerning geochemical retardation, so those two topics will be discussed next. Note 

that transport of 14C is assumed to be entirely by advection; i.e., diffusion is ne

glected. With the values used for permeability, this assumption is reasonable, but 

if a much lower value were used for permeability then it would be necessary to 

include diffusion.  

Montazer et al. (1986) measured air permeabilities in two boreholes, USW UZ-1 

and UE-25a#4. The permeabilities were derived from an analysis of air-pressure fluc

tuations in the boreholes; they represent large-scale field measurements and should 

be applicable to the large-scale flow calculations of interest. Values of 7 x 10-1 mi2 , 

8 x 10-13 M2, and 1 x 10-11 m 2 in the Topopah Spring welded unit and 2 x 10-11 M 2 in 

the Tiva Canyon welded unit were reported. Ross et al. adopted a value of 10-11 M2 

for their calculations. Thordarson (1983) reported a permeability of 1 x 10"12 M 2 

for Topopah Spring welded tuff, from pump tests on well J-13, where the Topopah 

Spring unit is in the saturated zone (these are also large-scale field measurements, 

but less applicable because of possible differences between the saturated zone and 

the unsaturated zone). Tsang and Pruess (1987) made site-scale gas-flow calculations 

for Yucca Mountain. They used a permeability of 2 x 10-14 m 2 , but the source of 

that number was not stated. Buscheck and Nitao (1988), in a study of hydrothermal
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effects for EBS design, used a permeability of 3 x 10-13 In 2 , but the origins of the 
number are unclear. The mean of the distribution used for fracture permeability 
(the matrix permeability being negligible in comparison) of the "welded" layer in 
the water-flow calculations for this TSPA is 5 X 10-14 M2 . (To calculate this value 
requires information on fracture conductivity from Table 3-14 and information on 
fracture density from Table 3-23.) In using different permeability in this chapter than 
in the previous chapter we are not necessarily being inconsistent, because the ap
propriate value for unsaturated water flow could be different from the appropriate 
value for gas flow. Such a difference could occur because the gas flow is primar
ily through the largest fractures while the water flow is primarily through smaller 
fractures. It is important to reconcile these numbers in the future, though, by ac
quiring more data on the distribution of fracture apertures. Clearly, there is quite 
a bit of uncertainty about the correct permeability to use. In the TSPA calculations, 
this uncertainty is partially taken into account by use of a "retardation/permeability 
factor" that will be discussed in the next section.  

The permeability of the nonwelded layer is also important to the calculation of 
14C travel time. As mentioned earlier, Ross et al. made calculations for several values 
of the nonwelded/welded permeability ratio, but we have adopted as our base case 
the simulations that had a nonwelded permeability that was 1 percent of the welded 
permeability, or 10-13 M2. Montazer et al. (1986) reported permeability values for 
the Paintbrush nonwelded unit from 2 x 10-14 m2 to 7 x 10-12 M 2 . It was decided 
that for this TSPA no variations on the permeability ratio would be included, so all 
of our gas-release results assume that the nonwelded tuff has a permeability two 
orders of magnitude smaller than the welded tuff. Variations on this parameter are 
left to future work.  

For retardation, Ross et al. made some theoretical calculations of the geochem
istry of carbon dioxide in air in equilibrium with bicarbonate in water. They found 
retardation factors in the range of 30 to 75, depending on the type of tuff and the 
temperature (see Figure 5-11). They used the calculated temperature-dependent 
retardation factors in their calculation of travel times for 14C from repository to sur
face. There are several uncertainties in the retardation-factor calculation, including 
uncertainty about the dominant chemical reactions, uncertainty about the water com
position in the unsaturated zone, and uncertainty about the pH of unsaturated-zone 
water. Also, it has been suggested that precipitation of calcite could provide a sig
nificant retardation factor (Codell and Murphy, 1992) and it is quite possible that 
there is some sorption of the carbon dioxide on the rock in addition to the reaction 
with the water; strong sorption has been observed on iron and aluminum oxides
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Figure 5-11. Retardation factor as a function of temperature for all units (taken from 
Figure 4-2 of Ross al., 1992).  

(Russell et al., 1975; Schulthess and McCarthy, 1990). The amount of uncertainty in 

retardation is unclear, but some account of the uncertainty will be taken in defining 

the "retardation/permeability factor" referred to above.  

5.4 Adaptation of gas flow and transport for the TSA 
The method used in the TSA for calculating gaseous releases has been de

scribed briefly elsewhere (Wilson, 1992); it will be presented in somewhat more 

detail here. The gaseous transport calculation is based directly on results from Ross 

et al. (1992). That report includes distributions of 4̀C travel time from the repository 

to the earth's surface calculated using the gas-flow model described in the previous 

section. The report includes travel-time distributions for three steady-state reposi

tory temperatures, 300 K (ambient temperatures), 315 K, and 330 K. Ross et al. have 

also calculated the travel-time distribution for 360 K; those results are not included 

in the report, but were used for this study along with the other three distributions.  

The four travel-time distributions are shown in Figure 5-12. It can be seen that the 

travel-time distribution is bimodal-the cumulative distribution function rises, then 

levels off, then rises again. The first rise (or lower travel times) represents 14C that 

originates near the western end of the repository and has a relatively short travel
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Figure 5-12. The four 14 C travel-time distributions.  

path out the face of Solitario Canyon without having to go through the nonwelded 
layer. See the short pathlines at the left of Figure 5-10. Note also that Figure 5-9, for 
ambient conditions, has none of those short pathlines, and correspondingly the first 
mode in the ambient curve of Figure 5-12 occurs at a lower cumulative probability 
and is much less prominent than it is in the heated-repository curves. The second 
mode, which contains most of the probability in all four cases, represents the ma
jority of the "4C, which has longer pathlines and has to go through the nonwelded 
layer to reach the surface.  

A number of approximations are necessary to use these results for a calculation 
of "4C release in the TSA. The repository temperature is not in steady state, but 
declines slowly with time as the radioactivity decays away. To represent this process 
with four steady-state travel-time distributions entails a certain amount of error.  
To mitigate this error, approximations were made in such a way as to err on the 
conservative side (that is, in such a way as to increase releases). The first step was 
to identify the points in time corresponding to the four repository temperatures.  
This was accomplished by using results of Tsang and Pruess (1987). The Tsang and 
Pruess results are not directly comparable to the Ross et al. results because a number 
of different assumptions were made. In particular, as has already been mentioned,
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Ross et al. use a value of gas permeability that is three orders of magnitude higher 

than that used by Tsang and Pruess (for the welded tuff; Tsang and Pruess used the 

same permeability for welded and nonwelded tuff). The higher permeability leads to 

higher gas velocities in the Ross et al. calculations. One effect of the higher velocities 

should be a greater rate of repository cooling, so that for a given time the Tsang and 

Pruess temperature is expected to be higher than the Ross et al. temperature would 

be. Therefore, associating the Ross et al. temperatures with the Tsang and Pruess 

temperatures is inconsistent, but should be conservative. (Conservative because the 

temperature at a given time is taken to be higher than it would be if the temperature 

were calculated using the Ross et al. values, and higher temperatures imply higher 

gas velocities and therefore shorter 14C travel time to the surface.) It is possible that 

repository cooling is primarily dominated by heat conduction through the rock, in 

which case the Tsang and Pruess temperature could be a good approximation of the 

Ross et al. temperature.  

The temperature history of the repository, as reported by Tsang and Pruess 

(1987) is shown in Figure 5-13. Also shown in the figure is a dashed line indicat

ing the temperature history assumed for the TSPA gas-release calculations. Since 14C 

travel-time distributions were only available for four temperature values, the dashed 

line is a "stair-step" curve. The 360-K travel-time distribution was used from the 

beginning of the calculation until a time of 2400 yr, the 330-K distribution was used 

from 2400 yr until 4800 yr, and the 315-K distribution was used after 4800 yr. If 

calculations were extended beyond 10,000 yr, the 300-K distribution would be used 

for times past 10,000 yr. It would be preferable to have distributions for additional 

temperatures so that the temperature discretization would not be as gross, but by al

ways taking the travel-time distribution from a higher temperature than is expected 

at a given time, conservatism is maintained. The first part of the calculation may 

not be entirely conservative, since the Tsang and Pruess temperature goes above 

360 K for a time. However, the transport calculation is conservative in another 

way, too. The temperature field should be declining with time rather than remain

ing constant. The decline in temperature has two effects: (1) During the course of 

transport from repository to surface, temperatures could decline significantly; the 

method being used for the transport calculations instead assumes that the tempera

ture field remains fixed as it was at the time of release. This choice was made only 

for pragmatic reasons-travel-time distributions including effects of cooling en route 

were not available. (2) Using steady-state temperature profiles overestimates the 

spatial extent of the temperature field. That is, when the repository temperature is 

"at 360 K, the high-temperature region has not spread out as far from the repository
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Figure 5-13. Temperature vs. time after waste emplacement at the center of the 
repository (taken from Figure 4 of Tsang and Pruess, 1987). Dashed line shows the 
TSA approximation.  

as a steady-state temperature field with the repository at 360 K. The consequence 
of this effect is similar to that of the first effect: the 14C, during its migration to 
the surface, should see lower temperatures than we are assuming. This shortcom
ing is another result of using steady-state calculations to determine the travel-time 
distributions.  

The calculation of 14C gaseous release proceeds as follows. The release rate 
from the source, E(7), is calculated using the radionuclide source model described 
in Section 5.2; T is the time of release from the source. At each time 7, there is 
a distribution of travel times, P(t; r), where t is the travel time to the surface (see 
Figure 5-12). Of the 14C released at time T, the fraction that escapes to the atmo
sphere within the EPA time period is calculated as an integral over the travel-time 
distribution. The formula used for the calculation can be written as 

= dT E(T) J dt P(t;r)e-' (5.1) 

where R is the cumulative release to the accessible environment, T is the EPA time 
period (10,000 yr), and A is the decay rate of 14C. As indicated in the equation and 
as discussed above, the travel-time distribution P depends on the release time T. P
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is normalized so that fo P(t; -) dt = 1.  
In calculating the integral over the travel-time distributions, the distributions 

were regarded as discrete rather than continuous. That is, each of the four travel

time distributions consisted of a list of 323 14C travel times; rather than do some 

sort of smoothing or interpolation, the travel-time density function was taken to be 

a sum of 323 delta functions. (This is why the cumulative distribution functions in 

Figure 5-12 are stair-steps instead of smooth curves.) Then, for example, 
T N 

joTP(t; -T)e AtdtZ= E 323 (5.2) 

n=1 

where {t•,n = 1,... ,323} are the calculated travel times for release-time T, and 

{ i, n = 1,.. . , N} are the travel times smaller than T (only travel times t between 0 

and T contribute to the integral.) 

To take into account the uncertainties in permeability and retardation discussed 

in the previous section, a "retardation/permeability factor" is introduced; let us 

denote the factor by F. This factor is a multiplication factor for the travel-time 

distributions. The travel times are directly proportional to the retardation factor 

(remember, though, that the retardation is not a simple constant; see Figure 5-11) 

and inversely proportional to the permeability (permeability is not a simple constant, 

either, but varies from geologic unit to geologic unit). The factor F represents the 

deviation from the "base" values: 

F = (R/Rb). (kb/k), (5.3) 

where R is the retardation factor, Rb is the base retardation factor, k is the perme

ability, and kb is the base permeability. If the retardation is multiplied by some 

factor everywhere and the permeability is multiplied by some other factor every

where, then F is the ratio of those two factors. F is used by multiplying all the 

travel times by it. For example, for the travel-time distribution {tn, n 1,..., 323} of 

Equation 5.2, the adjusted travel-time distribution would be {Ft", n = 1,..., 323}.  

We wanted to assign a distribution to F that would represent the uncertainty 

in k and R. A log-uniform distribution from 0.5 to 10 was chosen. The reason for 

selecting a maximum of 10 is that some of the field-measured permeability values 

for the Topopah Spring welded tuff are as small as about one tenth of the base 

value of 10"1 m2 . It could be that the lower values (longer travel times) are more 

representative, but additional data are needed. For now, a log-uniform distribution 

is used to represent the great uncertainty. The lower bound of 0.5 for F is less based 

on hard data; it is intended to represent the possibility of retardation factors lower
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than the base values. (Also, the permeability could be higher than the base value.) 
In fact, higher retardation factors are probably more likely than lower ones, and if 
14C retardation is better quantified in the future it could move the F distribution 
upward.  

The important factors going into the gas flow and transport calculation are 
summarized in Table 5-3.  

5.5 Results 
For each of the conceptual models of groundwater flow, composite-porosity 

and weeps, a Monte Carlo simulation of 1000 realizations was performed, using 
the models and parameter distributions described above. For the gaseous-release 
calculations associated with composite-porosity water flow, the repository was not 
divided into six columns, as it was for the aqueous-release calculations (Section 4.4.2).  
For both gaseous-release simulations, the repository was treated as a whole.  

The conceptual model of groundwater flow enters in because interaction of 
groundwater with the waste containers could be an important element in the mobi
lization of 4̀C. The "quick-release" part of the 14C inventory can be released without 
water being present (Van Konynenburg et al., 1985, 1987), and the fuel-matrix al
teration process that liberates the 14C in the U0 2 matrix could be able to proceed 
without water being present (but perhaps at a lower rate; little is known about the 
effect of water on the matrix-alteration rate). Regardless of whether water is im
portant to 14C mobilization, it certainly is important to the processes that lead to 
container failure.  

Figure 5-14 shows the conditional CCDFs for normalized gaseous releases to the 
accessible environment for the two Monte Carlo simulations. Aqueous releases in the 
weeps model were higher than in the composite-porosity model (Figure 4-44), so it is 

Table 5-3. Probability distributions assumed for 14C transport.  

Model parameter Distribution Distribution parameters" Mean value 

Base permeability for welded (m2 ) 10-11 
Base permeability for nonwelded (m2 ) - 10-13 
Base retardation factors see Figure 5-11 
Times for 360-K travel-time dist. (yr) - 0 to 2400 
Times for 330-K travel-time dist. (yr) - 2400 to 4800 
Times for 315-K travel-time dist. (yr) - 4800 to 10,000 
Times for 300-K travel-time dist. (yr) - over 10,000 
Retardation/permeability factor, F log-uniform 0.5, 10 3.2 

' Parameters for the log-uniform distribution are minimum, maximum.

5-22



.0 

0) 

E 

0 
L)

100 

10-1 

10-2 

10 -3

10 -7 10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 10o0 10 1 102 

EPA sum 

Figure 5-14. Conditional CCDFs for gaseous releases. Shown are the distributions 
for the composite-porosity model and for the weeps model.  

surprising at first that for gaseous releases they are reversed-gaseous releases in the 

composite-porosity model are higher than in the weeps model. The reason for this 

has already been mentioned in another context in Section 4.7: In the weeps model it 

is assumed that only a subset of waste containers is contacted by flowing water, and 

only that subset fails and releases radionuclides. In the composite-porosity model, 

more waste containers are contacted by water and fail, releasing radionuclides. In 

realizations with high values of the fuel-matrix alteration rate, it is possible for all 

of the "4C to be released from the waste containers within 10,000 yr and for most 

of it to be released to the surface. It is also possible for all waste containers to be 

contacted by water and release all of their 14C in a weeps realization, but with the 

parameter distributions being used (see Table 4-5) the probability of that occurrence 

is fairly low.  

It can be seen from Figure 5-14 that the calculated gaseous releases assuming 

the composite-porosity water-flow model exceed the 1985 EPA limits (represented 

by the shaded region). This result should be kept in perspective. Remember that, 

for this first attempt at a total-system performance assessment, a number of conser

vative assumptions have been made. Some of the assumptions (e.g., neglecting the 

container and cladding as barriers in the source-release calculation, using the sim
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ple stair-step approximation of repository temperature in the transport calculation) 

are merely pragmatic and could be handled better in future calculations as bet
ter modeling capabilities are developed. Other assumptions (e.g., use of the simple 
matrix-alteration model of waste mobilization, use of a mean water flux of 1 mm/yr) 
require additional data to determine their validity or to determine the appropriate 

parameter values. In cases like these, we often feel that the choices made were 

conservative, but we will not know for sure until more data become available.  

Some additional information helps to provide a better understanding of the 
results. Figure 5-15 shows the CCDFs for NRC ratio (ratio of peak release rate from 

the EBS to the NRC release-rate limit in 10 CFR 60.113). It can be seen that the NRC 

release-rate limit is exceeded almost 80 percent of the time for the composite-porosity 

model and about 3 percent of the time for the weeps model (with the assumptions 

used). This shows that source release rates are relatively high. This clearly shows 

that the source model being used is overly conservative; these high NRC ratios 

could be reduced to a more realistic estimate by improving the model. Some possi
bilities for improvement include improved modeling of the container and cladding 

barriers, applying different container-failure distributions to "wet" and "moist" con
tainers, and determining whether the matrix-alteration model of waste mobilization 

is correct. Note also that the percolation-rate distribution assumed could be unre

alistically high for the composite-porosity model (see Section 4.7.1), which increases 

composite-porosity releases by putting more waste containers in "wet" conditions.  
It is likely that, if the number of high NRC ratios were reduced, then the number 

of high EPA sums would be reduced, so that the composite-porosity curve in Fig
ure 5-14 would no longer exceed the EPA limits. To complete the discussion of the 
NRC containment requirements of 10 CFR 60.113, note that the "substantially com

plete containment" requirement is met because the source model being used has no 

releases before 300 yr.  

Figure 5-16 shows conditional CCDFs for gaseous releases from the EBS and 

gaseous releases to the accessible environment (i.e., without and with transport to 
the surface included) assuming the composite-porosity water-flow model. The cor
responding curves for the weeps water-flow model are shown in Figure 5-17. In 

these figures, the curves for releases to the accessible environment are the same as 

the curves in Figure 5-14. Figures 5-16 and 5-17 show that little is gained by the 

transport to the surface. The 14C travel times are too short to reduce the releases 
significantly. As was mentioned in the description of the transport calculations in 

the preceding section, a number of approximations were made (using the Tsang and 

Pruess temperature history when the Ross et al. temperatures would probably be
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Figure 5-15. Probability distributions of the NRC ratio, calculated for the composite
porosity model and for the weeps model.
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Figure 5-16. Conditional CCDFs for gaseous releases, calculated using the composite
porosity model for water flow. Shown are partial EPA sums calculated using releases 
from the EBS and releases to the accessible environment.  
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Figure 5-17. Conditional CCDFs for gaseous releases, calculated using the weeps 
model for water flow. Shown are partial EPA sums calculated using releases from 

the EBo and releases to the accessible environment.  

lower, using a NRC travel-time distribution for a higher temperature at each time, 
using travel-time distributions calculated for steady-state conditions), each of them 
in such a way as to overestimate the releases. Refining the transport model would 
undoubtedly reduce the EPA ratios for releases to the accessible environment (which 
would increase the separation between the EBS and accessible-enviroudnent curves), 
but there is probably much more potential for reducing the EPA ratios by refining 

the source model (which would move both curves to the left).  
To conclude, Park and Pflum (1990) and Van Konynenburg (1991) have argued 

that, for a partially saturated repository, it will be difficult (i.e., expensive) to meet 

the EPA and NRC release criteria for "
4

C, because heavy reliance must be placed 

on the EBB to reduce 11C releases. They also point out that even the entire 11C 

inventory would be negligible compared to the natural 
1

1C background. From the 

results presented in this section, it seems quite likely that more realistic release 

and transport models for 
1 4

C would reduce releases to the accessible environment to 

below the EPA limits. To reduce EBS release rates below the NRC limit could require 

adding additional barriers to '
4

C releases in the EBB. However, such considerations 

should be studied using more realistic release models than were used here.
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5.6 Analysis of the average case 
To go along with the average-case aqueous-release calculations reported in Sec

tion 4.8, corresponding calculations were made for gaseous releases. As stated be

fore, the "average" case is the case for which all the parameters are assigned the 

means of their respective probability distributions; it is not intended to represent the 

expected state of a repository at Yucca Mountain. The reasons for investigating the 

average case are given in Section 4.8. The results are shown in Figures 5-18 through 

5-23. Gaseous releases were only calculated for 20,000 yr rather than for 106 yr as 

the average-case aqueous calculations were. Nothing is lost by this reduction be

cause the half-life of 14C is only 5700 yr, which means that most of it will decay 

away within 20,000 yr. (The average-case aqueous calculations were extended to 

such a large time so that the peak release rates to the accessible environment could 
be observed for some of the nuclides. The peak release rate for 14C occurs within 
20,000 yr.) The "wiggles" in the accessible-environment-release curves (Figures 5-18 

and 5-19) are artificial, caused by the switches from one 14C travel-time distribution 

to another. These switches occur at 2400 yr, 4800 yr, and 10,000 yr (see Table 5-3).  
As with the probabilistic calculations, releases are higher for the composite

porosity model than for the weeps model. For the composite-porosity model, the 
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Figure 5-18. Release rate to the accessible environment for gaseous 14C, using the 
composite-porosity model for water flow and mean values for all parameters.
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Figure 5-20. 14C EPA ratio as a function of time for the composite-porosity model, 
using mean values for all parameters.
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Figure 5-21. 14C EPA ratio as a function of time for the weeps model, using mean 

values for all parameters.
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Figure 5-22. 14C NRC ratio as a function of time for the composite-porosity model, 

using mean values for all parameters.
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Figure 5-23. 14C NRC ratio as a function of time for the weeps model, using mean 
values for all parameters.  

release rate to the accessible environment peaks at approximately 0.4 Ci/yr at 6000 yr.  
The EPA ratio (at 10,000 yr) is about 0.3. Also, for the composite-porosity model 
the NRC release-rate limit is exceeded, with the peak release rate reached at about 
3000 yr. The peak release rate for the weeps model occurs at about the same time, 
but is four orders of magnitude lower. The reason for this, as has been stated before, 
is that only a small fraction of the waste containers release their radionuclides in the 
weeps calculation. For the weeps model, the EPA ratio is only 4 x 10- and the peak 
release-rate to the accessible environment is 6 x 10-5 Ci/yr at 6000 yr.
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Chapter 6 
Human Intrusion 

(Barnard, Dockery, Wilson) 

6.1 Introduction 
This component of the TSPA analysis considers releases of radionuclides that 

might occur because of postclosure drilling operations into a potential repository in 

Yucca Mountain. Releases are calculated at the earth's surface and at a subsurface 

regulatory boundary. The time period of this analysis spans the 10,000-year regula

tory period specified by the EPA in 40 CFR Part 191 (EPA, 1985). The analyses of 

releases due to drilling are simplified representations of only a few human

intrusion scenarios.  

The philosophy of this component of the TSPA is to attempt to represent 

complex scenarios by simple analyses that capture the essence of the processes.  

Specifically, this is accomplished by simplifying the treatment of the radionuclide 

source term, simplifying the estimation of the geometric probability of intersecting 

containers during intrusion, and by reducing a multi-dimensional problem to one 

dimension.  

6.2 Problem definition 
The scenario describing this TSPA analysis was developed from the FEP 

diagram for human intrusion (Barr et al., 1991). Figure 6-1 shows the portion of the 

FEP diagram that includes the FEPs captured in the calculation. The TSPA analysis 

considers only drilling events (the bold paths in Figure 6-1). The specification of 

the FEP "Exploratory Drilling", rather than "Production", has implications for the 

number and density of drillholes-exploratory drilling holes are random in space 

and time. Specifying "Hydrocarbon and Mineral Exploration", rather than 

"Scientific Exploration", has implications about the size of the holes that are drilled.  

The human-intrusion scenario can be stated as follows: At various times in 

the future, one or more boreholes are drilled from the surface of Yucca Mountain 

through the potential repository. Twentieth-century exploratory-drilling technol

ogy is assumed. The drilling processes are assumed to break open any intersected 

waste containers. Releases are assumed to occur through direct transport either tc6 

the surface or into the saturated zone.
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Surface release occurs under two circumstances. In the first (direct hits), waste 
is lifted to the surface by entrainment in the drilling fluid or by contamination of 
the drill string (indicated as path (D in Figure 6-1). Figure 6-2 illustrates this pro

cess. In the second (near misses), the drill hole passes through rock that has been 
contaminated by migrating radionuclides from nearby containers (indicated as path 
G in Figure 6-1); as in the first circumstance, contaminated rock is lifted to the 
surface by drilling fluid or the drill string. Release for both of these circumstances 
is defined as occurring when the radioactive waste reaches the earth's surface 
(indicated by the FEPs "Contact Exposure" in Figure 6-1).  

Because the Yucca Mountain site is underlain by a saturated zone thought to 
have two distinct components, two variations of release to the saturated zone were 
considered (shown as path (D in Figure 6-1). The first entails drilling to the water 

table and into the saturated-tuff zone. The second variation includes drilling to tag 
the basement rock; in this case, into the Paleozoic carbonate aquifer. For both cases, 
waste is assumed to fall down the drill hole into the saturated zone, where it can 
dissolve and be transported to the accessible environment by saturated-zone flow.  
Figure 6-3 illustrates this event.  

The scenario descriptions include every FEP in the appropriate paths in Figure 
6-1, although the processes modeled have generally been simplified. Some of the 
assumptions and simplifications made for this analysis follow. Waste packages are 
assumed to be emplaced vertically. It is assumed that a conventional drill bit can 
penetrate a waste package. Oil-field veterans have expressed some skepticism that 
the drill string would penetrate the waste package instead of veering away*, so this 
assumption is probably conservative. For the surface-release scenario, it is assumed 
that the working fluid for the drilling operation would be liquid (water or drilling 
mud) with sufficient density and viscosity to entrain the fragments of waste. The 
entrainment process is assumed to occur when waste from a ruptured package falls 
down the borehole and is ground up by the drill bit. The fines and small particles 
are then carried in the drilling mud to the surface. Figure 6-2 simplifies the details 
of the entrainment mechanism. It is further assumed that the entrained waste 
travels directly through the drill hole to the surface. For vertically emplaced waste 
packages, this implies that the hole drilled through the emplacement drift above the 
waste package has been cased or grouted to prevent loss of circulation. For the sat
urated-zone release scenario, it is assumed that it is possible for the contents of an 

D. Chesnut, Lawrence Livermore National Laboratory, personal communication.  
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entire waste package to fall over 200 m to the saturated tuff (and even farther to the 

carbonate aquifer). Other assumptions specific to the modeling of the problems 

will be stated later in this report.

Drillhole

Return Circulation 
with Radioactive 
Waste Fragments 

Return 
Circulation 
of Drilling 

Fluid

Figure 6-2.

- Input 
Drilling 

Fluid 

Drill 
Stem
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6.3 Estimation of probability of occurrence 

The probability of occurrence for this scenario is composed of two compo

nents. First, there is the probability that drilling operations would be conducted at 

Yucca Mountain. Second is the probability that, if drilling occurs, a waste package 

or contaminated rock will be intersected by the drill string.  

6.3.1 Natural resources 

The scenario used as the basis for this calculation assumes that exploratory 

drilling is the reason for human intrusion. Therefore, the probability that drilling 

will occur at Yucca Mountain depends on the attractiveness of the subsurface re

sources. The question of the known presence of economic natural resources or of 

geologic features indicating a greater-than-normal probability that natural re

sources may exist has been addressed previously in the Environmental Assessment 

(EA) (DOE, 1986). The EA stated that no economic minerals are present at Yucca 

Mountain and that it is unlikely that intrusion based on the search for valuable nat-
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ural resources would occur (see also Younker et al., 1992). In numerous studies 

since the EA, there have been no data to refute this claim. For instance, Castor et al.  

(1989) performed geochemical analyses to identify any significant deposits of base 

or precious metals. Their report states that there are no identified mineral resources 

at Yucca Mountain, and they assessed the potential for metals to be very low, espe

cially for surficial or near-surface deposits. The same report rates the petroleum po

tential of Yucca Mountain as low. People have, however, thought exploration 

worthwhile as demonstrated by the history of claims in the area. Also, gold is cur

rently being extracted from the Bare Mountain area, and several petroleum explor

Drillhole 

Spent-Fuel 
Rods in 

Damaged 
Waste 

Package 

Radioactive 
Particles Falling 

through 
Abandoned 
W eDrillhole Water • 

Table 
Radionuclide Transport 

.. .... in Saturated Zone 

Figure 6-3. Schematic of mobilization process for saturated-zone-release scenario.  

ation wells have been drilled in the Amargosa Valley (Figure 6-4). Thus, this report 

concurs with the judgment of the Early Site Suitability Evaluation (Younker et al., 

1992) that no defensible probability can be assigned to the presence of natural re

sources until site characterization is performed. Lacking any further information

6-5



for this analysis, we have assigned a probability of 1 to the likelihood that there will 

be human-intrusion activities at the site over 10,000 years.

0 10 20 Miles

15 30 Kilometers

Figure 6-4. Resource-exploration areas near Yucca Mountain
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6.3.2 Geometric probability 

The probability that a drill bit will intersect a waste package or contaminated 

rock can be determined from geometric considerations. The probability per drilling 

event for hitting one waste package in the repository depends on the area of the 

drill bit and the area of waste container perpendicular to the drill string.  

One of the major uncertainties in this scenario concerns the likely number of 

boreholes that might be drilled at the site over the regulated 10,000-year contain

ment period. Guidance for drilling rate for areas not underlain by sedimentary 

rocks given in 40 CFR Part 191 is 3 drillholes/km 2 /10,000 years (EPA, 1985). The 

basis for this estimate has not been well established, although it appears that the 

number is derived from drilling densities for exploratory drilling in the Delaware 

Basin, New Mexico (Apostolakis et al., 1991). A study of the drilling in this basin 

gives an estimate of 30 drillholes/km2 /10,000 years. This number is suggested by 

the regulations for use in sedimentary basins. An arbitrary "factor of ten" decrease 

was used to derive a suggestion for nonsedimentary environments, such as Yucca 

Mountain.  

The geometric-probability analysis (given in detail in Appendix I) used the 

EPA estimate of 3 boreholes/km 2 /10,000 years to calculate the probabilities of hit

ting one, two, or three vertically or horizontally emplaced waste packages. To cal

culate the probability (assuming vertical emplacement of the waste packages), the 
"enhanced" area of the waste package is first determined. The enhanced area in

cludes the combined areas of the waste package (characterized by rw), and the area 

of the drill bit (characterized by rbh). For a single drilling event over the repository, 

any one of the Nwp packages could be hit (the packages are assumed to be 

uniformly distributed in the repository.) Thus, the probability of a direct hit is 

given by the total enhanced area divided by the area of the repository (A rep): 

Phit = NW[7r(rw + rbh) 2] (6.1) 

Arep 

The parameters used in the probability calculation are given in Table 6-3 

(Section 6.4.3). Using these numbers, the probability for a hit from a single drilling 

event is 0.0075. To calculate the probability for the estimated 17 drilling events over 

10,000 years (3 boreholes/km 2 /10,000 years * 5.61 km2 ), one must estimate the fre

quency of getting a hit during the expected number of trials. Either a binomial dis

tribution or a Poisson distribution may be used for this estimate.  

The binomial formula for the probability of getting r hits in n trials is:
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P[r] = C )p -rqr, (6.2) 

where q is the probability of a hit (Phit), and p = 1 - q. This formula gives the proba

bilities shown in Table 6-1.  

Whereas the binomial formulation assumed that 17 boreholes would always 
be drilled over 10,000 years, the uncertainty in that number can be accounted for by 
specifying 17 boreholes as the mean number drilled, and assuming that the fre
quency of drilling follows a Poisson distribution. In this case, the probability of r 

hits is given by

Per j = ( lPhil )r
(6.3)

where p is the mean number of boreholes and ,P hit is the expected number of hits.  

The probabilities are shown in Table 6-2.  

Table 6-1 
Probabilities of hits for binomial distribution

Number Probability 
of Hits over 10,000 years 

0 0.880 

1 0.113 
2 .00683 
3 2.58x10-4 

Table 6-2 

Probabilities of hits for Poisson distribution 

Number Probability 
Of Hits Over 10,000 Years 

0 0.880 

1 0.112 
2 .00716 
3 3.04x10-4

The probabilities arising from the two distributions are quite similar. The 

main difference between them is that with the Poisson distribution, the likelihood 

of having two or more hits is slightly increased.
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The definition of the enhanced area for the waste package is quite generous, 
because any intersection of the drill bit and the waste package-ranging from 
coaxial to tangential-is considered a direct hit. This definition somewhat overes
timates the geometric probability. The use of different diameters for the borehole 
would also change the probability of a hit.  

Calculation of the probability of a near miss is based on the same assumptions 
as for a direct hit-using the ratio of the area of contaminated rock (calculated in 
Section 6.4.1) to the total repository area.  

6.4 Modeling assumptions 
The source term appears to be one of the most important factors, and the out

comes for the saturated-zone transport are highly dependent on the parameter val
ues chosen because of the assumptions about the nature of the processes involved.  
The substantiations underlying these observations and their implications are dis

cussed in the following subsections.  

6.4.1 Source term for surface releases 
It is assumed that the waste mobilized by drilling incidents is immediately 

carried to the surface; no further releases due to groundwater transport are consid
ered. Therefore, the extent of releases is described strictly by the radionuclide in
ventory present in and around the waste package at the time of the drilling inci
dent. Temporal variation in the inventory due to decay is described by the Bate
man chain-decay relationships (Bateman, 1910).  

As time progresses and the waste containers degrade, groundwater can trans
port nuclides into the rock surrounding the waste package. As a calculational 
simplification for this analysis, it is assumed that the transport mechanism is mol
ecular diffusion. (The groundwater-flow and transport calculations used in 

Chapters 4 and 5 were too complex to be included in this analysis.) This assump

tion, and the extent of the transport over 10,000 years, is based on the PACE-90 
nominal-case analyses (Barnard and Dockery, 1991). Furthermore, only radionu
clides that have little retardation are assumed to diffuse into the rock surrounding 
the waste package. A more sophisticated analysis would include a coupling be
tween the near-miss calculation and the nominal-flow calculations, but that cou
pling is probably a second-order effect, and is probably not significant.  

The area for near misses is calculated as follows. The line of waste packages in 
an emplacement drift is considered to be an instantaneous line source. (The spac-
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ing between the waste containers in a drift is 5 m, and the spacing between drifts is 

approximately 40 m, so a line source is a reasonable approximation.) For an instan

taneous source, the fractional concentration as a function of time and distance is 

given by 

C(x, _X2 1 x/4Dt (6.4) 
C0 =41rDt 

(taking into account the symmetry along the line of the source), where CO is a refer

ence concentration, x is the radial distance from the source, and D is the diffusion 

coefficient. A solution to this diffusion problem is given in Crank (1956). The dif

fusion coefficient is determined by evaluating the diffusion equation with C(x,t)/C0 

= 10-5 at 35 m from the waste container after 100,000 years. These values are de

rived from the PACE-90 TOSPAC results for 1291 and 9 9 Tc (Barnard and Dockery, 

1991). In the PACE-90 analysis, the transport is influenced by both diffusion and 

advection; for this analysis, an effective diffusion coefficient is used to represent the 

transport results. A fractional concentration of 10-3 is used to define the boundary 

of contaminated rock. The location of the 10-3 fractional concentration is deter

mined at the time of the specified drilling event (after accounting for the time for 

which no containers had failed-300 years). Figure 6-5 shows the diffusion concen

tration profiles for several time periods. The area of contamination is then com

puted from the product of the location of the 10-3 fractional concentration (as one 

axis of an ellipse) and the half-spacing of the waste packages in the emplacement 

drift (as the other axis).  

Figure 6-6 schematically illustrates the geometric relationships between con

tainers, the surrounding areas of contaminated rock, and the drill holes. The waste 

containers are assumed to be distributed uniformly throughout the repository, so 

that releases from direct hits or near misses can be expressed as a fraction of the en

tire inventory.  

Only waste in the form of spent fuel has been considered for this analysis.  

Had glass waste been included, a different treatment of the groundwater-induced 

transport processes would have been necessary. Although 14C is included in the 

inventory, its releases are not treated differently from those of the less mobile iso

topes. When a direct hit occurs, all (or a portion) of the affected waste package is 

assumed to be available for transport to the surface. All radionuclide transport is 

assumed to occur solely by mechanical means.
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Figure 6-5. Diffusion profiles vs time 

Previous analyses have used a radionuclide inventory based on average char

acteristics of the spent fuel, i.e., the average mix of spent fuel from boiling-water re

actors (BWRs) and pressurized-water reactors (PWRs), and the average burnup of 

the fuel from those reactors. For this analysis, such an inventory is called a 

lumped-source inventory. One sensitivity study, to be described later in this chap

ter, investigates multiple-source inventories, where the repository is considered to 

be filled with spent fuel whose source (BWR or PWR), burnup, and ages since dis

charge from the reactor are all specified.
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Figure 6-6. Geometric layout for drilling scenarios 

6.4.2 Source term for saturated-zone releases 
The saturated-zone problem assumes that aqueous processes transport the 

waste which has fallen down the drillhole to the aquifer. Because this transport 
mechanism is not "instantaneous", like the mechanical transport to the surface, fac
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tors such as geochemical retardation can influence which radionuclides reach the 

accessible environment. For this reason, the set of radionuclides used for the satu

rated-zone problem is smaller than for the surface-release case. Radionuclides with 

large retardations will not be transported to the accessible environment within the 

regulatory time period, so there is little value in calculating their releases. The re

sulting suite of isotopes included 243Am, 241Am, 240Pu, 239 Pu, 237 Np, 234U, 135Cs, 
129I, 126Sn, 99Tc, 79Se, and 14C. This set of isotopes was expanded from the PACE

90 set (Barnard and Dockery, 1991), by the addition of radionuclides with high in

ventories and those which contribute significantly to dose calculations.  

Some simplifying assumptions made about the radionuclide source term are 

as follows. The entire contents of one (and only one) waste package are deposited 

in the saturated flow field. The solubility of the waste has been chosen to be suffi

ciently high that it immediately dissolves when it enters the saturated zone. The ac

tual inventories of each radionuclide are determined from the decay and chain in

growth at the time at which the event occurred.  

6.4.3 Parameters 

Table 6-3 lists the parameters pertinent to the base-case drilling surface-release 

analysis. It also lists the alternative values for parameters varied in the sensitivity 

studies.  

The fraction of the repository inventory contained in one waste package as 

listed in Table 6-3 is calculated from the contents of one waste package (2.1 MTHM) 

divided by the total inventory (70,000 MTHM). The fraction of the repository in

ventory available to diffuse (i.e., the source for near-misses) consists only of the 

fraction of the total inventory that consists of mobile species (i.e., 99Tc and 129I).  

The radioisotopes used in the base-case source terms are listed in Table 6-4 

(Wilson, 1991). The inventories are based on the parameters given in Table 6-3; 

these are called the "lumped" source terms in this section. Most of those isotopes 

for which an EPA limit is not defined (i.e., those for which the half-life is less than 

20 years) were not included in the source term. The only isotopes with short half

lives that were included had high inventories that would affect the inventories of 

elements further down their decay chains. Some isotopes with very low inventories 

were also omitted. However, the inventory used for the surface-release problem 

includes more than 99% of the spent-fuel inventory in the potential repository. The 

list includes both actinides and fission products. Several decay chains are included.  

The "Inventory" column in Table 6-4 is the base-case lumped-parameter inventory
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and is typical of the values used for all inventories. The saturated-zone problem 
uses the isotopes (indicated by t ) listed in Table 6-4 for the radionuclides included 
in that source term. Chain-decay ingrowth from nuclides not included in the 
source term have been included in the appropriate inventories.  

Table 6-3 

Parameters for surface-release scenario 

Parameter Value 
General parameters 

Repository area 5.6x10 6 m 2 

Number of waste packages (Nwp) 33,333 
Waste package orientation vertical 
Performance Time 10,000 years 
Typical number of trials in a simulation 20,000 

Base-case source term 
Fraction of repository in 1 waste package 3.0x10-5 

Diffusive fraction in I waste package 6.9x10-9 

Spent-fuel burnup (in MWd/MTHM) 33,000 (PWR) 
27,500 (PWR) 

PWR/BWR proportion 60/40 
Number of radionuclides used in source 43 

Probability factors 
Number of boreholes 17 
Probability of hitting 1 waste package (Phit) 0.0075 
Radius of waste package (rwp) 0.33 m 
Radius of drill bit (rbh) 0.305 m 
Spacing between containers in a drift 5 m 
Time before first waste package fails 300 years 
Diffusion coefficient 3.65x10-4 m /yr.  

Variations in source term for multiple sources 
Fraction of BWR and PWR, and respective burnups (See Table 6-6) 

Variation in geometric probability 
Increased number of boreholes 170, 340 

Variation in near-miss inventory 
Increased diffusive fraction of repository 6.9x10-7 

Variation in diffusion coefficient 
Increased diffusion coefficient 3.65x10-2 m 2 /yr.
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Table 6-4 

Radioisotopes used in source term

Isotope Half-life EPA Limit Inventory 
____________ (years) (Ci/MTHM) (Ci/MTHI-iV) 

U-238 4.468x10 9  0.1 3.18x10-1 

Cm-246 4.731x10 3  0.1 2.58x10-2 

Pu-242 3.869x10 5  0.1 1.60x100 

Am-242 1.520x10 2  0.1 7.46x100 

Pu-238 8.774x10 1  0.1 2.12x10 3 

U-234t 2.445x10 5  0.1 1.13x10 0 

Th-230 7.700x10 4  0.01 1.29X10-4 

Ra-226 1.600xj03  0.1 3.67x10-7 

Pb-210 2.230x10 1  1.0 4.71x10-8 

Cm-243 2.850x10 1  0.1 1.54x10 1 

Am-243t 7.380x10 3  0.1 1.55x10 1 

Pu-239t 2.406x104  0.1 3.08x10 2 

U-235 7.038x10 8  0.1 1.68x10-2 

Pa-231 3.277x10 4  0.1 1.94x10 5 

Ac-227 2.177x10 1  0.1 5.19x10-6 

Cm-245 8.499x10 3  0.1 1.26x10-1 

Pu-241 1.440A10 1  0.0 7.43x10 4 

Am-241t 4.322xj0 2  0.1 1.64x10 3 

Np-237t 2.140x10 6  0.1 2.88x10-1 

U-233 1.585x10 5  0.1 2.54x10-5 

Th-229 7.339x103  0.1 1.40x10-7 

Cm-244 1.811x10 1  0.0 1.15x103 

Pu-240t 6.537x103  0.1 5.08x10 2 

U-236 2.341x107  0.1 2.40x10-1 

U-232 7.200x10 1  0.1 2.50x10-2 

Sm-151 8.999x101  1.0 3.18x10 2 

Cs-137 3.000x10 1  1.0 7.66x104 

Cs-135t 2.300x106  1.0 3.50x10- 1 

1-129t 1.570x10 7  0.1 2.95x10-2 

Sn-126t 1.000xj0 5  1.0 7.17x10- 1 

Sn-121 4.997x10 1  1.0 9.04x10-1 

Ag-108 1.270x10 2  1.0 1.19x10-2 

Pd-107 6.496x106  1.0 1.05x10-1 

Tc-99t 2.130x10 5  10.0 1.23xO10 
Mo-93 3.498x,0 3  1.0 1.60x10-2 

Nb-94 2.030x10 4 1.0 7.93x10-1
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Table 6-4, continued 

Radioisotopes used in source term

Isotope Half-life EPA Limit Inventory 
(years) (Ci/MTHM) (Ci/MTHM) 

Zr-93 1.530x10 6  1.0 1.88x10 0 

Sr-90 2.912x10 1  1.0 5.32x10 4 

Se-79t 6.496x10 4  1.0 3.81x10-1 

Ni-63 9.200x10 1  1.0 4.55x10 2 

Ni-59 8.000x10 4  1.0 3.56x10 0 

CI-36 3.010x10 5  1.0 1.19x10-2 

C-14t 5.729x10 3  0.1 1.54x10 0 

tIsotopes also used for the saturated-zone source term.  

The parameters used in the saturated-zone analyses are listed in Table 6-5.  

This analysis employed the same parameter values for the saturated-tuff zone as 

those discussed in Chapters 3 and 4. As was described in Section 4.5, the water 

velocity in the saturated tuff was calculated from the regional hydrology model of 

Czarnecki (1985). Parameters for the carbonate aquifer were taken from McGraw et 

al. (1991). These latter values are known with considerably less confidence. Table 

6-5 reiterates the characteristic values of the hydrologic parameters used.  

Derivations of PDFs for the geochemical sorption coefficients have been dis

cussed in Section 3.4. Table 3-25 (Section 3.4) lists the PDFs used for the distribu

tion coefficients. The shapes of the PDFs have been shown in Figures 3-11 through 

3-18.  

Table 6-6 lists the parameters used to construct the multiple-source inventory.  

Using the spent-fuel "LWR Quantities Data Base" (DOE, 1987, v. 4), the amounts of 

spent fuel from 1969 through the year 2040 (the predicted end of light-water reactor 

(LWR) operations) are determined. These amounts are listed according to type of 

reactor (BWR or PWR) and amount of burnup (in MWd/MTHM). To determine 

the isotopic composition of these inventories at the year 2040, the decay of the ra

dioisotopes from time of discharge from the reactor to the year 2040 is calculated 

using the ORIGEN computer code (Roddy et al., 1986). The inventories are then 

lumped into roughly 10-year intervals. The entries in Table 6-6 describe inventories 

consisting of individual radionuclides that have decayed for the times listed in col

umn 1. The inventories are weighted by the proportion of BWR fuel (column 2) to
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Table 6-5 

Parameters for saturated-zone release problems

Parameter Value 
General parameters 

Distance to accessible environment 5000 m 
Typical number of trials in a simulation 1000 

Source term 
Spent-fuel burnup (in MWd/MTHM) 33,000 (PWR) 

27,500 (BWR) 
PWR/BWR proportion 60/40 
Number of radionuclides in source 12 
Solubility of radionuclides 1000 kg/mi3 

Probability factors 
Number of boreholes 17 
Probability of hitting 1 waste package in 10,000 0.113 
years with 17 boreholes 

Hydrologic parameters (mean values) 
Saturated velocity (tuff zone) 4.07 m/yr.  
Saturated velocity (carbonate aquifer) 230. m/yr.  
Saturated porosity (tuff zone) 0.175 
Saturated porosity (carbonate aquifer) 0.05 
Saturated dispersivity (tuff zone) 195 m 
Saturated dispersivity (carbonate aquifer) 195 m 

PWR fuel (column 4) and by the amount of burnup for each reactor for that year 

(columns 3 and 5). Because the potential Yucca Mountain repository is designed to 

hold 70,000 MTHM, which is less than the total spent fuel to be generated, the table 

was cut off when 70,000 MTHM was reached. The percentage of the entire 

repository represented by fuel of a given year grouping is listed in the last column 

of Table 6-6. The actual inventories used for the multi-source analyses consist of six 

separate lists of radionuclides similar to Table 6-4.  

6.5 Description of TSPA Calculation 
The TSPA analysis included several simulations of human-intrusion drilling 

incidents. The base-case simulation used the parameters listed in Tables 6-3 and 6-4 

above. In addition, several simulations investigating the sensitivities of the releases 

to parameter variations were completed. Each simulation consists of numerous 

trials, where a trial represents a 10,000-year history of drilling events at the site.
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From each simulation a CCDF relating releases and the associated probabilities can 

be generated. The CCDFs represent the different models being investigated (i.e., 

the base case, and the sensitivity studies).  

Table 6-6 
Multiple-source inventory parameters 

Decay % BWR BWR % PWR PWR % of Total 
Years Inventory Burnup Inventory Burnup Inventory 

70 55.1 15,000 44.9 25,000 1.46 
60 39.7 25,000 60.3 30,000 14.63 
50 33.1 27,500 66.9 35,000 26.01 
40 32.9 40,000 67.1 45,000 25.77 
30 34.5 40,000 65.5 50,000 24.97 
25 31.2 40,000 68.8 45,000 7.17 

The calculation combines numerous trials to create a probabilistic representa

tion of the releases. After all the trials in the simulation have been completed, the 

EPA sums are sorted and a conditional CCDF is prepared. Conditional CCDFs 

show the probabilities of release given that the human-intrusion scenario has oc

curred. Because of the uncertainties mentioned above regarding the probability of 

human intrusion, using conditional CCDFs allows the probabilities of the conse

quences to be separated from the overall probabilities of occurrence. In addition, 

the distributions of release values are presented in the form of histograms. The sur

face-release and saturated-transport problems treat the probabilities of occurrence 

of the releases slightly differently, as described in Sections 6.5.1 and 6.5.2.  

6.5.1 Surface-release calculations 

For each trial, the following steps are performed. For each of the boreholes ex

pected to be drilled over the 10,000 years (i.e., 17 holes in the base case), the time of 

occurrence of the drilling incident is randomly selected (from a uniform PDF).  

Then the probability of hitting (Phit) anywhere within the entire contaminated area 

around the waste package (i.e., including both the waste package itself and the sur

rounding contaminated rock) is selected from another uniform PDF. If Phit for a 

given realization is greater than the probability of having a near miss, then no re

lease occurs. If the probability selected is between the probability of a direct hit and 

that of a near miss, the latter is assumed to occur. Finally, if Phit is less than the 

probability for a direct hit, the waste package is considered to be breached. The
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amount of waste available to be released is described by another uniform PDF 

ranging from 0 to the entire waste package.  

To establish the number of curies released, the radioactive decay from the 

start-time of the trial (0 years) to the time of the incident is determined. Both decay 

and ingrowth from decay chains are included. From the separate inventories of the 

isotopes in the source term, the EPA ratio for each isotope is constructed. The EPA 

ratio is constructed from the amount released for each element divided by the EPA 

limit for that element (listed in Table 6-4). For each trial, the program sums the EPA 

ratios in case more than one drill hole has contributed to the releases. Finally, the 

EPA ratios are combined to give the normalized EPA sum.  

For both direct hits and near misses, the amount of radionuclides released 

does not vary with the location where the drill string penetrates the waste package 

or the contaminated rock. Thus, for this analysis, the entire contents of a waste 

package are available to be released if there is a direct hit. Also, if there is a near 

miss, the concentration of mobile species is assumed to be constant within the halo 

of contaminated rock. However, to reflect the fact that the concentration actually 

decreases with distance away from the waste package (shown in Figure 6-5), the 

amount available to be released for a near miss has been specified as a random var

iable ranging over the three orders of magnitude that the concentration can vary.  

6.5.2 Saturated-zone calculations 

The saturated-zone analyses also consisted of numerous trials, each represent

ing a 10,000-year history of the repository. Because the calculations for this prob

lem are much more complicated than for the surface-release problem, fewer trials 

were done. Additionally, rather than using the analysis involving the geometric 

probability of occurrence of a drilling incident (i.e., Phit, described above) to de

termine the probabilities of releases, releases were calculated for each trial and then 

multiplied by the probability of occurrence to obtain a conditional CCDF consistent 

with the surface-release analysis.  

The calculation of saturated-zone releases is performed with the code 

TOSPAC (Dudley et al., 1988). This code is a one-dimensional, time-dependent 

groundwater flow and solute transport code that can include the effects of advec

tion, dispersion, and radionuclide decay and ingrowth. The code models the same 

physical processes for saturated flow and transport as for the unsaturated zone, ex

cept that the rock moisture content is not a function of the pressure head. Using a 

steady-state groundwater flow field, the code calculates the concentrations of each
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radionuclide in the source term at every point along the flow path at specified time 

steps. TOSPAC has been set up to perform stochastic analyses by calculating re

leases for each of the realizations drawn from the parameter distributions.  

The saturated-zone analysis for the saturated-tuff zone has been based on 

detailed analyses made by Czarnecki (1985), as modeled by the STAFF2D code 

(Huyakorn et al., 1991). The flow field for the tuff zone described by Czarnecki 

attempts to be consistent with the observed regional saturated-zone data at Yucca 

Mountain, and no variations are reported in the saturated water velocities in the 

region. To provide a range of outcomes, the TSPA analysis assumes that variations 

in travel time for radionuclides from the points of injection under the repository to 

the 5-km boundary of the accessible environment are primarily due to the distances 

the contaminants must travel. Thus, the variations in the water velocity input to 

TOSPAC are simply a means of describing differences in travel distance, and do not 

represent variations in the expected value of the regional saturated flow field (see 

section 4.5).  

For the carbonate aquifer, there are far fewer data. Water velocities were 

taken from a report prepared for the Early Site-Suitability Evaluation (McGraw et 

al., 1991). The velocities were calculated using the code EPASTAT (Eslinger and 

Sagar, 1988). The same calculational procedure was followed as for the tuff prob

lem.  

6.5.3 Sensitivity studies for surface-release calculations 

Several alternative assumptions and variations in parameter values were in

vestigated during a number of sensitivity studies. The various sensitivity studies 

are as follows: 

" Subdividing the inventory according to degree of burnup of the fuel, percent

age of the inventory produced by BWRs and PWRs, and decay since discharge 

of the fuel from the reactors. This produces a multiple-source inventory in

stead of a lumped-parameter descriptor for the spent fuel in the radioactive 

waste inventory.  

"* Calculating the effects of drilling ten and twenty times the EPA-recommended 

number of boreholes over 10,000 years.  

"* Varying the fraction of the inventory available to be brought to the surface 

through near-misses.
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"* Varying the diffusion coefficient associated with movement of radionuclides 

into the rock surrounding the waste containers.  

"* Weighting the occurrence of drilling events to later times in the 10,000-year 

period to investigate the consequences of loss of institutional control.  

Because of the simplifying assumptions made for this analysis, the sensitivity stud

ies should be interpreted more in terms of the response of the model than in terms 

of the actual response of the potential repository site.  

6.6 Results 

6.6.1 Surface-release calculations 

For most of the simulations, 20,000 trials were run. Figure 6-7 shows the dis

tribution of the 20,000 releases calculated for the base case. The releases fall into 

three groups: direct hits, with average EPA sums of the order of 10-1; near misses, 

with EPA sums of about 10-5 to 10-6 ; and complete misses, shown as releases of 

10-10. The conditional CCDF for the base case (Figure 6-8) shows that the surface 

releases do not exceed the EPA limits (the shaded area in Figure 6-8). The effect of 

including near-misses in the simulation can be seen from the conditional CCDFs 

shown in Figure 6-9. The "step" in the CCDF at releases of about 10-5 represents 

the contribution of near misses. For the base case, the amount of waste assumed to 

be released has been treated as a uniform random value from 0 to 100% of the waste 

package. Figure 6-10 shows the effect of assuming that the entire contents of a 

waste package are released if the package is breached. As expected, this affects 

only the high-release, low probability part of the CCDF.
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Figure 6-7. Distribution of surface releases from drilling (base case)
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Figure 6-8. Conditional CCDF for surface releases due to drilling
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Figure 6-11 shows the distribution of the number of waste packages hit in 

20,000 trials. For the base case of 17 boreholes (i.e., 3 boreholes/km 2) drilled in each 

trial, most trials have no direct hits. However, there are five trials in which three 

waste packages were hit. The figure also shows the prediction of the binomial for

mula for 17 trials and a Phit of 0.0075.  

Using 17 boreholes as the mean number drilled with the frequency of drilling 

following a Poisson distribution (instead of always drilling 17 boreholes) gives the 

results shown in Figure 6-12. The releases are almost identical with those of the 

base case, as expected from the similarity of the Phit values listed in Tables 6-1 and 

6-2. The conditional CCDFs (Figure 6-13) also show essentially the same response.  

Figure 6-14 shows the distribution of hits on waste packages for the trials us

ing the Poisson distribution. As with the base case, most trials do not have direct 

hits. In this simulation, however, twelve trials have three packages that were hit, 

and in one trial four packages were intersected.  
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Figure 6-11. Distribution of hits on waste packages for base-case drilling density
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6.6.2 Surface-release sensitivity studies 

Using multiple sources instead of the lumped source has very little effect on 

the outcomes. Figure 6-15 compares the releases for the two types of sources. The 

histograms can be seen to be essentially coincident. Furthermore, Figure 6-15 

shows that the ranges of the distributions are roughly the same and that there are 

no greater occurrences of extreme values for the multi-source simulation than for 

the lumped-source analysis.  

The greatest differences occur when the number of boreholes drilled over 

10,000 years is set to either 170 (ten times the base case), or 340. The first number 

would be consistent with the maximum number of drillholes postulated by the EPA 

to be drilled in a heavily explored sedimentary basin with the areal extent of Yucca 

Mountain, over the course of 10,000 years. For this simulation, the conditional 

CCDFs show greater releases for both near misses and direct hits and show greater 

probabilities for both types of events (Figure 6-16). Because of the greater number 

of holes drilled, each trial has a greater potential to have a nonzero outcome. As 

Figure 6-17 shows, one hit per trial is the most likely occurrence when exactly 30 

boreholes/km2 are drilled, but as many as 7 hits per trial can occur. (With 30 bore

holes/km2 as the expected number for a Poisson drilling model, the shape of the
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distribution is substantially the same, except that 8 hits occur in two of the trials.) 

When exactly 60 boreholes/km2 per trial are drilled, the distribution of hits and the 

prediction of the binomial formula are shown in Figure 6-18. Now, two hits per 

trial is the most likely, with a maximum of ten hits in one instance. Using 60 bore

holes/km2 as the expected number of hits for a Poisson drilling model gives a very 

similar distribution, with 11 hits occurring in one instance. The releases, for ten 

times as many boreholes, are not ten times those of the base case. While drilling ten 

times the number of boreholes does increase the frequency of events leading to a 

release, the actual amount of the releases also varies with time because of the varia

tion in the amounts brought to the surface and because of different amounts of de

cay. Furthermore, the maximum values for the releases occur when there are mul

tiple direct hits in a trial. Increasing the number of drillholes only increases the op

portunity for multiple hits. It does not directly increase the number of multiple-hit 

outcomes.  

1400- I I I I 

1I 

1200- Near Misses 3 boreholes/km 2  (maximum) 

o00. -lumped 

source 
multiple 

80- sources 

Frequency 
Direct Hits 

Ii 

400-

20- Zero Releases . . . h 
iii ' I ::i : 

0 ... . ,IiI, i l, t...... . *'' ....  
-10 -9 -8 - 6 -4 -3 -2 -1 0 

Log of EPA Sum 

Figure 6-15. Comparison of lumped-inventory and multiple-inventory source terms
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Figure 6-16. Conditional CCDF showing increases in surface releases due to 
increasing the number of holes drilled over 10,000 years 
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The result of performing the calculation with the inventory of radionuclides 

available in the near-miss zone two orders of magnitude greater than the base case 

is shown in Figure 6-19. There is a shift in the releases of two orders of magnitude 

for near misses only; otherwise the shapes of the curves are almost the same. In 

view of the linear dependence of the near-miss releases on the inventory, these re

sults are not unexpected.  

The effective diffusion coefficient used to calculate the area of contaminated 

rock for the near misses was taken from prior work (Barnard and Dockery, 1991), 

The value, 3.65x10-4 m 2/yr., is about two orders of magnitude below the molecular 

self-diffusion coefficient in pure water. The lower value was selected to account for 

the rate of movement expected in a material with the tortuosity and porosity ex

pected for the rock in the repository horizon. The results of increasing the diffusion 

coefficient by two orders of magnitude are shown in Figure 6-20. The figure com

pares the distributions of releases for the base case with those for the increased-dif

fusion case. As expected, the direct-hit releases are essentially identical, and there
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are no zero-releases for the enhanced-diffusion case. When the diffusion coefficient 

is increased, a larger area for near misses to encounter is created. For a constant dif

fusion source, this larger area results in a smaller concentration. As can be noted 

from the figure, the median of the near misses for the enhanced-diffusion case is 

lower than that for the base case, but the range is broader.  

In one study, the distribution for the time of drilling was biased to occur pri

marily in the later part of the 10,000-year time period (using a beta distribution with 

a mean time of drilling of 7500 years) to account for the effect of institutional con

trol at early times. The major effect on the outcome is a decrease in the number of 

events that have the highest values for release (Figure 6-21). This is, of course, due 

to the greater decay time that occurs prior to more of the interceptions. Because the 

program limits the number of values it can accept from a beta-distribution input, 

only 1000 trials were run for this simulation. Comparisons with other analyses may 

not be statistically meaningful.
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Figure 6-21. Conditional CCDF showing change in surface releases due to biasing 
drilling events to later in performance period
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6.6.3 Saturated-zone calculations 
The conditional probabilities of releases of radionuclides through the satu

rated tuff zone over 10,000 years are shown in Figure 6-22. (These conditional prob
abilities do not include the probabilities that a hit has occurred.) The radionuclides 
form two groups-those with low retardation ( 14C, 99Tc, and 129I), and those with 
slightly higher retardation ( 237Np, 234U, and 79Se). In this simulation (1,000 trials), 

the maximum releases, of about 5x10-4 of the EPA sum, are each produced by car
bon, neptunium and uranium. The plutonium and americium isotopes, and tin and 
cesium do not have measurable releases in this period. As Figure 6-23 shows, for 
the particular realization shown, cesium and tin do not reach the accessible envi
ronment until more than 250,000 years have passed, and plutonium and americium 
either take longer or have decayed away. For these analyses, the 14C is assumed to 
be transported entirely by aqueous means. Figure 6-24 shows the major contribu
tors to the releases averaged over 10,000 years. Carbon contributes over 60% of the 
radioactive release, with neptunium contributing about 15%.  
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Figure 6-22. Conditional CCDF for releases to accessible environment through 

saturated-tuff zone due to human intrusion
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Figure 6-23. Cumulative releases to accessible environment through saturated-tuff 
zone 

Because of the shorter travel times specified for the carbonate aquifer, the re

leases through it are greater. Figure 6-25 shows the total releases and several of the 

component releases over 10,000 years. Now, the two plutonium isotopes have the 

highest probabilities of large releases. Because of a short half-life, the 241Am has a 

reduced probability of releases for the entire 10,000-year period. However, it pro

duces the highest releases of all the radionuclides used. Figure 6-26 shows the ex

pected values of the major components of the releases over 10,000 years. The two 

plutonium isotopes contribute over 90% of the total. Figure 6-27 shows the cumu

lative releases as a function of time for one realization. Although Figure 6-27 im

plies that 239Pu does not contribute significantly to the total release until almost 

30,000 years have passed, it is only a single realization. The average 23 9 Pu contribu

tion for all trials is given in Figure 6-26.
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Figure 6-24. Average percentages of radionuclides released through saturated-tuff 
zone 

Comparing the total releases through the two saturated-zone pathways 
(Figures 6-23 and 6-27), about 6% of the releases in the carbonate aquifer occur 
within the first 100 years. (The maximum EPA sum is about 0.009; at 100 years the 
sum is 5x10-4.) In contrast, releases in the saturated-tuff zone at 100 years are more 
than six orders of magnitude below the maximum. This difference can be 
explained by considering the travel times in the two pathways from the repository 
to the accessible environment: the saturated-tuff zone and the carbonate aquifer.  
Figure 6-28 compares these travel times for a nonsorbing particle. The curves in the 
figure relate the times at which given percentages of the released radionuclides 
reach the respective boundaries. For this comparison, a fixed number of particles 
are instantaneously released into steady-state flow fields. Because travel times in
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the carbonate aquifer are considerably shorter than the other two pathways, the 

figure shows that about 10% of the particles reach the boundary in one year.
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Figure 6-25. Conditional CCDF for releases to accessible environment through 
carbonate aquifer due to human intrusion 
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Figure 6-26. Average percentages of radionuclides released through carbonate 
aquifer 

The relative magnitudes of the releases from the three drilling scenarios are 

compared in Figure 6-29. In order to compare the conditional CCDFs for saturated

zone releases (where the probabilities of drilling hits are not included), with the 

CCDF for surface release (where the probabilities are included), the probability of 

intersecting a waste package for the surface-release scenario, was set to 1.0; the en

tire contents were released at random times. The magnitudes of surface releases are 

consistently above those of the groundwater-based processes. Maximum releases 

from the saturated tuff are about three orders of magnitude below those from the 

carbonate aquifer primarily because the lower velocity and higher retardation in 

the tuff keep plutonium and americium from reaching the accessible environment 

in 10,000 years.
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Figure 6-29. Comparison of CCDFs for releases for three drilling scenarios 

A composite CCDF showing the probabilities of releases if any of the three 
scenarios occurs is shown in Figure 6-30. To combine the conditional CCDFs for 
surface release and the two saturated-zone releases, it was assumed that the three 
scenarios are mutually exclusive. As is shown in Tables 6-1 or 6-2, the probability 
of a waste package being hit by drilling events over 10,000 years is about 0.12.  
Because the three scenarios are considered to be mutually exclusive, the probability 
for direct hits was equally apportioned to each. Thus, to calculate a combined 
CCDF reflecting the probability of having any of the three releases occur, the direct
hit portions of each component CCDF (for surface, tuff, and carbonate releases) 
were multiplied by 0.04. (The probability of having releases due to near misses 
approaches 1 (e.g. Figure 6-9), so this portion of the surface-release CCDF was not 
scaled.) This combined CCDF is still conditional on the probability that drilling 
events occur at the site at all. The curve is dominated by the surface releases, as 
would be expected from the comparisons of the magnitudes in Figure 6-29. There 
is no discernible change to the highest releases (i.e., above an EPA sum of 0.1) from 
the addition of the aqueous scenarios. The contribution from the aqueous releases
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occurs for EPA sums in the range of about 0.0002 - 0.001. Because near misses can 

occur whenever drilling is done, their releases take the CCDF to a probability of 1.0.
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Figure 6-30. Combined conditional CCDF for three drilling scenarios 

6.7 Summary 
The TSPA analyses of releases due to drilling are simplified representations of 

a few human-intrusion scenarios. The base-case analyses show that, ignoring the 

fact that the probability of human intrusion at the site is probably small, the releases 

as a result of drilling do not have a significant probability of exceeding the EPA 

standard. For the surface-release scenario, varying some of the parameters, such as 

the source term or distribution of drilling of boreholes, does not significantly alter 

the outcomes. The increase in releases due to varying the strength of the near-miss
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portion of the source term is directly proportional to the variation. The most 

dramatic effect occurs when the maximum number of boreholes is increased; 

however, even a twenty fold increase still does not cause the CCDF to exceed the 

EPA standard.  

Many of the assumptions made in this analysis were quite conservative.  

Therefore, refining the simplifying assumptions with better site-specific data may 

not result in increased releases. However, such refinements may make it possible 

to interpret the human-intrusion results in terms of the actual response of the 

repository rather than in terms of the response of the model.  

For aqueous releases, the conditional CCDFs also do not exceed the EPA stan

dards. As the problem was set up, the water velocity in the carbonate aquifer was 

considerably higher than the velocity for the saturated-tuff zone. Releases through 

the former aquifer were consequently over two orders of magnitude higher at the 

1% probability level. Because of the faster travel time in the carbonate aquifer, 

plutonium is able to reach the accessible environment. The release of 14 C is roughly 

the same for both the aquifers, but the plutonium and americium releases increased 

greatly in the carbonate aquifer.  

The composite conditional CCDF is dominated by the surface-release compo

nent. The highest releases all come from surface release, and any aqueous contri

bution is about three orders of magnitude below the maximums.
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Chapter 7 
Basaltic Igneous Activity 

(Dockery, Barnard) 

7.1 Introduction 
This component of the TSPA study considers releases at the earth's surface of 

radionuclides from a potential repository in Yucca Mountain. These releases are 
postulated to occur due to postclosure basaltic igneous activity resulting in volcan
ism at Yucca Mountain. The time period of this analysis spans the 10,000-year 
regulatory period specified by the EPA (EPA, 1985).  

The complexity of a scenario involving a basaltic dike intersecting the reposi
tory, then erupting mechanically entrained waste at the surface is greatly simpli
fied. We attempted to capture the essence of the processes by simplifying both the 
treatment of the radionuclide source term and the interaction between a hypotheti

cal dike and the radioactive waste in the repository.  

7.2 Problem definition 
The scenario describing this TSPA analysis was developed from the FEP dia

gram for basaltic igneous processes (Barr et al., 1991). Figure 7-1 shows the portion 

of the FEP diagram that includes the FEPs captured in the calculation. These FEPs 
are described in more detail below.  

There is a finite probability that a basaltic igneous body might intrude the 

waste-emplacement horizon of a potential repository at Yucca Mountain. Such an 
occurrence could possibly mobilize waste by rupturing waste packages and en
training the waste in a moving magmatic body (Figure 7-2). The eruption of this 
body at the surface would allow the entrained waste to reach the surface (Figure 
7-3).  

For this problem, release to the accessible environment is defined to occur 
when radioactive material reaches the surface. We have assumed that bare spent 
fuel will be erupted at the surface, even though, in a more realistic assumption, the 

waste would be encapsulated in a hardened basalt coating. Also, potential areal 
concentrations due to erosion, transport, and deposition are not considered.  

The current estimates of the probabilities for the occurrence of basaltic igneous 

activity within the repository block are very small, as discussed in Section 7.3.3.  
Therefore, the consequences of the igneous activity are calculated first, without re

gard to their probabilities of occurrence, to obtain a conditional CCDF. The final
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Figure 7-1. FEP diagram for basaltic igneous activity

! 
!



Figure 7-2. Interaction of dike with waste package 
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Figure 7-3. Distribution mechanism for waste at surface 

CCDF is obtained by multiplying the conditional CCDF by the probability of occur

rence of a dike intrusion within the repository.  

Details of the scenario for these calculations are simplified from assumptions 

contained in Crowe et al. (1983). Parameter values for processes associated with an 

igneous intrusion are from Valentine et al. (1992). A summary of the simplified 

model includes: 

"* a basaltic intrusion interacts directly with the radioactive waste, 

"* the waste is fragmented and entrained in the upward flow of basalt in the dike 

as a result of the thermo-mechanical effects, 

"• the fragments are erupted as part of the cinder cone or lava sheet at the sur

face.  

We assume that the dike intrudes along a plane behind an upwardly 

propagating stress crack. Thus, the country rock at the propagating tip is pushed
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laterally by the compression caused by dike intrusion. The entire volume of the 

country rock displaced by the dike is not expected to be engulfed and entrained in 

the upward-flowing magma (Valentine et al., 1992). Entrainment of the wall rock is 

assumed to occur after the dike pathway is formed. Entrainment is accomplished 

when turbulence in the magma, primarily induced by exsolution of the volatile 

phases, results in erosion of the wall rock.  

We have used two methods for determining the amount of waste expelled at 

the surface by an upward flowing dike. For both methods, the amount of waste 

that reaches the surface is proportional to that part of the dike that interacts with 

the repository. Method 1 uses geometrical arguments. It models the interaction 

volume defined by the periphery of a dike inside the repository and an erosion 

depth into the rock next to the dike. This method requires information on the 

length, width, and erosion depth for each dike in the simulation. Method 2 uses 

data on observed eruptive events. The process is modeled by assuming that the 

amount of waste entrained is proportional to the amount of wall rock derived from 

the repository horizon. Data required for this model include observed volumes for 

basaltic events, the relative fraction of xenoliths in those eruptive volumes, and the 

dike path length from the repository to the surface divided by the dike length in the 

repository.  

These analyses make several other simplifying assumptions about the pro

cesses involved. Chemical effects, which may mobilize waste differently than 

thermo-mechanical processes, are not considered. Any transport mechanisms for 

the mobilized waste other than thermo-mechanical entrainment by the dike are not 

considered. A number of other detailed assumptions and simplifications are dis

cussed in the following sections.  

7.3 Estimation of probability of occurrence 

The probabilistic treatment of the basaltic volcanism problem includes three 

parts: probability of volcanism within the general region that includes the reposi

tory, probability of volcanism within the repository, and consequences of the in

trusion. The overall probability of release due to volcanic activity during the exis

tence of a potential repository at Yucca Mountain can be expressed as the product 

of two conditional probabilities (Crowe et al., 1992): 

P[EIE2E3] = P[E1]*P[E2 I E1]*P[E3g EIE2I, (7.1)
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where P[E1 E2E3] is the probability of exceeding EPA radioactive release limits, El is 
the occurrence of a volcanic eruption in the region, E2 is an eruption in the reposi
tory, and E3 is the consequence of the eruption. P[Ell is the probability of occur
rence of an eruption in the region; P[E2 I El represents the probability of an erup
tion in repository, given that E1 occurs; and P[E 3 I E1E21represents the probability 

of exceeding EPA limits for radioactive releases from a dike intrusion, given the oc

currence of E1 and E2 .  

7.3.1 Frequency of an eruption in the region 

Information on the frequency of occurrence (F[E1]) of basaltic volcanism in the 
southern Great Basin near the Nevada Test Site that includes Yucca Mountain was 
excerpted from Crowe et al. (1983) and Crowe (1991). F[E11 has been represented 

by a log-normal distribution whose parameter values are: 

mean = 4.0x10- 6 events/year 

minimum = 2.0x10-6 events/year 

maximum = 1.0x10-5 events/year 

standard deviation = 1.2x10-6 events/year.  

The value given for the minimum rate of occurrence is half that of the current 
rate. Because the present rate of occurrence is extremely low, it was assumed that 
this rate is unlikely to decrease to less that half of that currently observed (Crowe, 
1991). The maximum rate is based on the rate of recurrence for Lunar Crater 

(Crowe et al., 1983), which is among the highest rates observed in the Great Basin.  
Higher rates would be atypical of continental basaltic volcanism and would be 

more indicative of rates similar to those of the Hawaiian shield volcanoes.  

The Poisson probability distribution (e.g., Equation 6.3) can be used to deter

mine the probabilities of occurrence over 10,000 years for a specified number of 

events using either the mean or the maximum for F[E1] (Crowe et al., 1992). Using 
the mean recurrence rate, we get a probability P[E1] of 3.8x10-2 for one eruption 
over 10,000 years; using the maximum for F[E1] gives a P[El1] of 9.0x10-2 .  

7.3.2 Probability of an eruption in the repository 

The probability distribution provided for P[E2 E1], in Crowe (1991) is 

Gaussian and uses the following values: 

mean = 2.7x10-3 
standard deviation = 8.0x10-4
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The distribution for P[E2 I E1 ] incorporates information on the work done by 

YMP volcanologists, as well as that by workers at University of Nevada, Las Vegas 

(UNLV) (Ho, 1991). The latter group advocates a model in which the area of most 

probable volcanism extends along a line north from the Lathrop Wells cone to the 

repository block. Because this line trends directly toward the repository block, the 

UNLV model would lead to a higher likelihood of eruption in the block than does 

the YMP model.  

Using the maximum value for P[E1] and the mean value of the distribution for 

P[E2 I Ell, the probability of volcanism occurring within the repository, taken over 

10,000 years, (P[EIE 2J) is therefore 2.4x10-4. This value is based on the assumptions 

discussed above of an extremely high eruption rate, combined with the more con

servative UNLV structural model. Therefore, the frequency assumed for eruption 

at the repository site exceeds the EPA limit of 10-8 events/year, below which dis

ruptive events need not be considered (EPA, 1985).  

7.3.3 Conditional probability of releases P[E3 I E1E2] 

In a stochastic simulation of this volcanism problem, given this very small 

value for probability of occurrence, so few realizations would occur in a reasonable 

number of trials that statistics would be very poor. Therefore, for this set of calcula

tions, we chose to first obtain a conditional CCDF based only on the consequence 

models P[E3 1 E1E2], then subsequently to multiply this CCDF by P[E1 E21. In this 

way, we can better understand the contribution of the consequence portion to the 

total CCDF for volcanism.  

7.4 Consequence of release from the repository 

The consequence portion of the model has been simplified to capture the ma

jor aspects of a release due to potential volcanic activity. Given the extremely low 

probabilities for occurrence estimated above, we have used what we believe to be a 

conservative, but still reasonable, approach for estimating consequence. If, even in 

a conservative representation, the EPA limits are not exceeded, then more compre

hensive formulation of variations on this problem may not be warranted.  

7.4.1 Consequence model 

Because of the uncertainty associated with the actual configuration of the 

drifts and container placement within the repository, several simplifying assump

tions were made. First, only the properties and inventories of spent-fuel waste 

were considered. Other waste forms, such as glass, could have important impacts
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due to mobilization by chemical processes. Second, the entire inventory of 70,000 
MTHM is assumed to be uniformly distributed throughout the volume of rock 

containing the repository.  

For Method 1, based on the assumptions listed above, the amount of waste re

leased from the repository as a result of a dike intrusion can be calculated as fol
lows: if we assume that the waste in the repository is uniformly distributed, then 

the "density" of the waste (in MTHM/m 3) is given by N/A h, where N is the reposi

tory inventory (70,000 MTHM), A is repository area, and h is repository height. For 

a dike of length I within the repository, width w, and the erosion depth d, the inter

action volume is given by 2 (1 + w) d h. Thus, the fraction of the inventory available 

to be entrained in the dike is 2 (1 + w) d/A.  

For Method 2, given the volume of an eruptive cone, V, the volume fraction of 

lithic fragments is V W, where W is the wall-rock fraction. The fraction of lithic 

fragments that could come from the repository horizon is given by V W R, where R 
is the fraction of the erupted xenoliths originating in the repository. The factor 
representing the fraction of that portion of the dike participating in the erosion 

within the repository is given by F. The fraction of waste entrained in the dike is 

V WRF/A h.  

Given the assumption of uniform distribution of waste in the repository, the 
release fraction is applied to each radionuclide to establish the release of that nu

clide. The ratio of the release of each nuclide to its allowable release limit is its EPA 
ratio. The sum of the EPA ratios is the EPA sum. An EPA sum greater than 1.0 

indicates that the releases have exceeded the maximum allowable.  

7.4.2 Estimates of parameter values 

These analyses assume that a basaltic dike, of varying trend (orientation of the 
linear intersection of the dike with the surface), length, and width, intrudes the 

repository block and entrains waste. The entrained waste is then assumed to be 

carried to the surface. Two methods for determining the amount of waste en

trained in the repository horizon are described in Section 7.4.3.  

The parameter values used in this analysis are very uncertain. Consequently, 

these uncertainties were treated by assigning distributions to the parameter values.  

Each trial in a simulation used values of the parameters drawn from the appropri

ate distributions. Distributions of parameter values may be uniform across a range 

or may be biased toward certain values within a range. We used the formalism de-
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scribed in Chapter 3 to generate PDFs, which are intended to quantify expert judg

ment regarding parameter values and distributions.  

7.4.3 Geologic features 

Information needed for Method 1, such as dike length, width, and trend, were 

obtained using expert opinion, as discussed in Section 3.3.2. Surface observations 

show that dike lengths range from about 0 to 5 km (Crowe et al., 1983). Dike 

lengths were assumed in the PDF to be uniformly distributed. Dike widths range 

from nearly 0.0 to 4.5 m, with a mean of 1.5 m. The PDF used to describe variability 

of dike width is shown in Figure 7-4. Discussion of the development of all the 

PDFs, except the erosion depth used in the volcanism calculations, may be found in 

Section 3.3.2.  

I I I I 

Min = 0.0 

Max = 4.5 

Mean = 1.5 

CV.=0.5 

p(X) 
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Dike Width (m) 

Figure 7-4. Probability density function for dike width 

The distribution of dike trends was chosen to reflect the dominant pre-existing 

structural elements within the repository block. It was assumed that, at the depth 

of the repository, a dike would be most likely to follow pre-existing planes of 

weakness. The strike of the Ghost Dance Fault, N5°E, was viewed by the experts

.5
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who developed the PDF as the mode of the distribution. The mean for this distri
bution is 15'. The PDF shown in Figure 7-5 reflects the predominance of north
north-easterly trends of the faults within the block. The extension direction in the 
present-day stress field has been identified as trending approximately N50'W in the 
region including Yucca Mountain (Carr, 1974; Ellis and Magner, 1980; Stock et al., 
1985). Thus, the fault planes with trends more nearly normal to the extension di
rection will experience the highest tensile stresses and will, therefore, be the most 
likely to allow upward flow of magma. This PDF is a representation of the strong 
likelihood for dike emplacement to occur preferentially along the Ghost Dance fault 
zone, with some probability that such an event could occur along fault planes ori

ented favorably to the current extension direction.  

Min = -10 

Max = 90 

Mean = 15 

C.V.= 1 

p(X) 

-10 0 10 20 30 40 50 60 70 80 9 
Dike Trend (degrees from north) 

Figure 7-5. Probability density function for dike orientation 

Information on the depth of erosion by a basaltic dike into the adjacent rock is 
not available for the Yucca Mountain area. The values for this parameter were de
termined based on the assumption that erosional depth would be no less than the 

observed diameters of xenolithic fragments in the Lathrop Wells cone. The median 
diameter of these fragments is reported as 4 mm (Crowe et al., 1983). The maxi-
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mum xenolith diameter observed is about 5 cm. The largest blocks of basaltic lava 

observed forming scoria cones near NTS are 20 cm (Crowe et al., 1983). These val

ues have been used here to attempt to constrain the range of values for an erosional 
depth. We assume that some resorption of the xenoliths occurs; the fragments at 
the surface are probably somewhat smaller than they were when they were plucked 

from the wall, even though they were carried to the surface' very rapidly. Thus, the 
erosion depth is assumed to be somewhat larger than the fragment size. The range 
we have chosen for erosion depth has a minimum of 4 mm, based on the median 

observed xenolith size. The maximum value is set at 20 cm, based on the assump

tion that no xenolith will be larger than the largest block of lava observed. The 
mean value has been arbitrarily set at 5 cm, equal to the largest observed xenolith.  

The PDF for this parameter was chosen to be a beta function, with an arbitrary coef

ficient of variation of 0.1. It is shown in Figure 7-6.

p(X)

I I I I
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Erosion Depth (m) 

Figure 7-6. Probability density function for erosion depth

0.09 0.10

The information needed for Method 2 is the total erupted volume, and the 

fraction of that volume that represents rock from the repository horizon. The total 

volume of material erupted from the Crater Flat, Nevada, eruptive centers, includ-
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ing both the scoria cones and the associated lava flows, ranges from 3.4x10 5 to 

1.0x10 8 m 3 (Crowe et al., 1983). The mean for this distribution was chosen to be the 

value observed for the total volume of cinder cones in the Crater Flat field, or 

2.7x10 7 m 3 (Crowe et al., 1983). This PDF is shown in Figure 7-7.

105
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Max= 

Mean 
C.Vý

3.4xl 05 

=12.0x10
8 

7 
=2.7x10 

=0.6

I 7 108

Volume (m3 ) 
Figure 7-7. Probability density function for eruption volume

Estimations of the fraction of wall-rock xenoliths carried to the surface are 

based on the percentage of entrained fragments in basaltic scoria cones reported for 

a number of localities, including the Great Basin. For instance, studies of the San 

Francisco volcanic field in Arizona report that 0.03%-0.06% of the total volume of a 

scoriaceous cone is composed of material through which the magma erupted 

(Crowe et al., 1983). Similar studies for eruptive centers at Lathrop Wells show 

fractions of wall rock contained in the fragments making up a cinder cone as small 

as 0.009% (Crowe et al., 1983). Thus, values for the amount of wall rock in the sur

face volcanic rock range from 0.009% to 0.06%, with a mean of 0.03%, and were 

taken from Crowe et al. (1983). Figure 7-8 shows the PDF for the wall-rock fraction 

parameter.

7-12

p(X)

I i i I

1 n6



p(X) 

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.00( 

Fraction Entrained 

Figure 7-8. Probability density function for wall-rock fraction entrained 

Most erosion of the wall rock at the Lathrop Wells location occurs within 10 to 

50 m of the surface (Crowe et al., 1983, Valentine et al., 1992). This depth estimate is 

partially based on the observation that xenolithic fragments are probably derived 

entirely from the Tiva Canyon Member of the Paintbrush Tuff (the uppermost of 

the tuffs), which has a maximum thickness of 50 m (Byers et al., 1976). The erosion 

occurs because, as pressure from the overlying rock column decreases, volatiles be

gin to exsolve out of the magma (vesiculation). This induces turbulent flow that 

plucks rock from the conduit wall. For this problem, we assumed that wall rock is 

uniformly excavated by the magma from the walls along the entire length of the 

conduit from the repository to the surface. This is a conservative assumption, be

cause the potential repository is expected to lie much deeper than the 50-m depth of 

expected wall-rock erosion. Also, below the zone of outgassing, other analyses in

dicate that the flowing magma may solidify along the margin of the conduit, essen

tially armoring the wall-rock against erosion (Bruce and Huppert, 1989; Carrigan 

and Eichelberger, 1990).
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The height of the waste packages in the repository is approximately 5 m. Since 
only the area containing the waste packages is assumed to be contributing to the 
release fraction, for the formulation of this problem, the repository height is taken 
to be 5 m. The percentage of the dike's path length (from the surface to the depth at 
which wall-rock erosion begins) that intersects the repository ranges from 1.7% to 
3.3% (Crowe et al., 1983). This fraction is used to model R, the fraction of xenoliths 
in the erupted volume. The variation in the path length occurs because the depth 
from the surface to the repository is variable, in part due to topography. This pa
rameter was represented in the model by a uniform distribution.  

The fraction of the dike that interacts with the repository is an unknown.  
There are too many considerations to be able to relate the erupted volume to the to
tal dike volume. Additionally, the fraction of the dike length inside the repository 
is an unknown. Therefore, this uncertainty is represented by a uniform distribution 
that ranges in value from 0 to 100% of the amount of wall-rock xenoliths derived 
from the repository horizon.  

7.4.4 Description of computations 
A computer code was written to perform the multiple simulations to model a 

dike intrusion event through the repository, using either Method 1 or Method 2.  
The same stochastic techniques were used for this analysis as were used in the hu
man-intrusion component. Because this intrusion event is so unlikely, only one in
trusion per simulation was allowed to occur (in contrast to drilling, where multiple 
hits are possible in any simulation).  

For each simulation for Method 1, values were selected for the dike width, 
trend, and starting point by sampling from the distributions. The starting point of 
the dike was chosen by randomly picking a point along an imaginary east-west
trending line south of the repository. The intersection of a northward projection 
from this point with the repository boundary was then taken as the starting point of 
the dike. Consequently, all the "dikes" constructed for this simulation begin at the 
southern boundary of the repository and extend in the directions sampled from the 
dike-trend distribution. Thus, the initiation of each dike at the southern boundary 
is only a modeling simplification. Figure 7-9 illustrates the locations of 32 dikes 
generated by this process. To simplify the calculation of the dike lengths, the repos
itory shape has been modified so there are no concavities in the perimeter. The 
modified repository shape is shown with dashed lines in Figure 7-9. Dike lengths 
are calculated to be the shorter of the distance across the repository or the randomly
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chosen dike length (i.e., 0 to 5 kin). This method of generating dikes probably over

estimates their lengths within the repository because the starting point for every 

dike is at the repository boundary.  

1 .5 0 1 Kilometer

Figure 7-9. Modified repository shape with randomly placed dikes

7-15

I



After calculating the interaction volume from length, width, and erosion 

depth, this volume is expressed as a fraction of the total repository volume. The 

time at which the dike intrudes the repository is used to determine the radionuclide 

inventories, taking into account chain decay and ingrowth. The initial inventory 

used is the same as that used for [he base-case human-intrusion calculations (see 

Table 6-4).  

For Method 2, values were sampled from the distributions of eruptive volume 

(V), wall rock fraction (W), the fraction of the dike occurring within the repository 

(F), and the fraction of xenoliths from the repository (R). The amount of waste re

leased at the surface was then calculated from the dike volume expressed as part of 

the total repository volume, as prescribed by the equations in Section 7.4.3.  

7.5 Results 
The distribution of surface releases due to basaltic intrusion for Method 1 

(based on 1,000 trials) is shown in Figure 7-10. The mean value of the EPA sum is 

approximately 0.3, and the maximum release is about 8. The conditional CCDF for 

this process is shown in Figure 7-11; the releases do not exceed the EPA limits.  

16 0 1 i i i i i 1

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 
Log of EPA Sum

0.0 0.5 1.0

Figure 7-10. Distribution of surface releases due to igneous activity (method 1)
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Figure 7-11. Conditional probability distribution for releases due to igneous activity 
(method 1) 

The distribution of surface releases due to basaltic intrusion for Method 2 (also 

based on 1,000 trials) is shown in Figure 7-12. The mean value of the EPA sum is 

approximately 0.01, and the maximum release is about 1.0. The conditional CCDF 

for this process is shown in Figure 7-13, and shows a somewhat lower release than 

Method 1.  

As a consistency check on these results, comparisons with prior work were 

done. The distribution of volumes of lithic fragments arising from the repository 

horizon (calculated by Method 2) is shown in Figure 7-14. The figure shows that 

the most likely volume of such fragments is about 20 m3 , and the mean is 35 m 3 . In 

Crowe et al. (1982), 54 m 3 of material from the repository horizon is predicted to be 

deposited in a scoria cone.
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The radionuclides that contribute most to releases (for both Methods 1 and 2) 
are shown in Figure 7-15. The figure shows the mean values (over 1,000 trials) of 
the EPA ratios for those elements. Approximately 90% of the releases are con
tributed by three radionuclides: 240Pu, 239Pu, and 241Am. Furthermore, of the top 
seven radionuclides, five are actinides.
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Figure 7-12. Distribution of surface releases due to igneous activity (method 2)
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Figure 7-15. Average percentages of radionuclides released due to igneous activity 

7.5.1 Sensitivity studies 

Several types of sensitivity studies were done. For one category of sensitivity 

studies, the means and coefficients of variation were varied for parameters such as 

wall-rock fraction, dike width, and dike length while retaining the approximate 

shapes of the base-case PDFs. Another category of studies replaced the beta distri

butions with uniform distributions. The dike trend distribution was not varied.  

Table 7-1 lists the base-case parameters and the varied parameters, as used in both 

types of sensitivity studies. Figure 7-16 shows the three PDFs used for the varia

tions of the beta distributions.
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Table 7-1 

Parameters varied for basaltic igneous activity sensitivity studies.  

Case Minimum Maximum Mean Coefficient 

of Variation 

Parameter: Wall-Rock Fraction 

Base case 0.00009 0.0006 0.0003 0.3 

Varied beta 0.00009 0.0010 0.0006 0.3 

Uniform 0.00009 0.0006 0.000345 0.427 

Parameter: Dike Width (m) 

Base case 0.0 4.5 1.5 0.5 

Varied beta 0.0 4.5 2.5 0.4 

Uniform 0.0 4.5 2.25 0.577 

Parameter: Erupted Volume (M3 ) 

Base Case 3.4x10 5  1.0x10 8  2.7x10 7  0.6 

Varied beta 3.4x10 5  1.0x10 8  6.0x10 7  0.4 

Uniform 3.4x10 5  1.0x10 8  5.0x10 7  0.563 

Figures 7-17 through 7-19 compare the CCDFs for both types of sensitivity 

studies. For the studies in which different beta-distribution PDFs were used, only 

one parameter was changed for each study. As Figure 7-17 shows, changing either 

the eruption volume or the wall rock fraction produced an approximate five-fold 

increase in the releases calculated with Method 2. For Method 1, changing the dike 

width had essentially no effect on the releases shown in Figure 7-18. This is not un

expected, since dike length is generally much greater than dike width.  

Uniform distributions were substituted for the beta distributions used in 

Method 2 to see whether making no assumptions about PDF shapes would change 

the outcomes significantly. As Figure 7-19 shows, with a uniform PDF, the releases 

are roughly the same as for the changed beta distributions in Figure 7-17.
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Figure 7-16. PDFs for parameters used in sensitivity studies
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Figure 7-17. Comparison of releases for base-case and modified parameter PDFs 
(method 2)
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Figure 7-18. Comparison of base-case releases with releases for greater dike width 
(method 1)

7-23

101 102

.0 

4) 

cc 

E 

E 

E 
0) 
0.



100 
4

Cu 

2 
4l1 

S 10 - ......... . ... ....... . .......  

.. . . . . . .. . .. . .. . . . . .  2 0
C.  

E E EPA limit 
Base Case 

0 10-3 

10-7 10-6 10- 5 10- 4 10- 3 10-2 10-1 100 101 102 

EPA sum 

Figure 7-19. Comparison of base-case releases with releases for uniform parameter 
distributions 

To see the effect of using a distribution for the factor, F, (the extent of interac

tion between the dike and the repository) in Method 2, a calculation was made with 

the value fixed at 1. Figure 7-20 shows the comparison with the base-case calcula

tion, where F was allowed to vary by a uniform distribution. Releases are greater 

by about two times throughout, reflecting the fact that F always takes the value 1.0, 

instead of averaging 0.5.  

7.5.2 Normalized CCDF for basaltic igneous activity 
When the probability of occurrence for volcanic events is included, the CCDF 

is as is shown in Figures 7-21 and 7-22. The probabilities of the most likely occur

rences are now about 3x10 4 , and releases are below the EPA limit.
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Figure 7-20. Effect of specifying that maximum dike length be in repository 
(method 2)
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Figure 7-21. Conditional CCDF for surface releases from igneous activity, including 
probability of occurrence (method 1)
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Figure 7-22. Conditional CCDF for surface releases from igneous activity, including 
probability of occurrence (method 2) 

7.6 Discussion 
This analysis shows that the consequences of igneous activity do not exceed 

the EPA limits for release of radionuclides (Figures 7-11 and 7-13). We further feel 
that the models used are quite conservative, so any reevaluation of the parameters 
would adjust the results downward. When probabilities of occurrence are consid
ered, releases at the earth's surface from this basaltic volcanism scenario are even 
more insignificant.  

Both the methods used to calculate releases give comparable results. We 
believe that the two methods used both lead to great overestimations of the amount 
of waste that could be released through the mechanism of mechanical entrainment.  
Certainly not all the material around the periphery of a dike is likely to be carried to 
the surface, although these models assume so. As stated above, the field evidence 
suggests that entrainment of wall rock probably does not even extend down to a 
depth as great as the repository horizon.
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Because the model of this process has been simplified, and because there is 

considerable uncertainty in parameter values and processes, the range of releases is 

not known with any confidence. In this study, the relationships between the pa

rameters of the release process are linear, so it would require orders-of-magnitude 

increases in the parameter values to cause the predicted releases to exceed the EPA 

limit. While the model parameter values are not known.with great certainty, it is 

unlikely that they are all low by orders of magnitude. Method 2, which used field 

observations for the volcanic model parameters, involves one completely unknown 

factor-the fraction of the dike within the repository. Even if this parameter were 

specified to always be 1.0, the maximum releases are more than an order of magni

tude below the EPA limit.  

Perhaps the only simplification that could be a major factor in producing these 

low releases is the assumption that the waste in the repository is uniformly and 

homogeneously distributed across the repository horizon. If a dike of average 

width were to intrude the repository coincident with an emplacement drift, the 

density of waste available to be entrained would be roughly 20 times greater than 

the average value used in the TSPA analysis. Such an increase may cause the CCDF 

to approach the area of regulatory concern, although it will still be below the EPA 

limit because of the low probability of occurrence. Any additional analyses, if pur

sued, might investigate the effect of aggressive chemicals in the magma interacting 

with the waste material. The effect of a sill-like body intruding multiple drifts, thus 

altering fluid flow and directly affecting numerous waste packages also might be of 

interest.
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Chapter 8 
Combination of Conditional CCDFs 

(Wilson) 

In the preceding chapters, several components of the performance-assessment 

problem are presented. In this chapter, the parts are put together to look at the 

problem as a whole.  

Combination of the conditional CCDFs presented in the preceding chapters is 

required for comparison with the (remanded) EPA standard. Appendix B of 40 CFR 

Part 191 offers the following guidance about how to apply the standard: 

The Agency assumes that, whenever practicable, the implementing agency will 

assemble all of the results of the performance assessments to determine compli

ance with §191.13 into a "complementary cumulative distribution function" that 

indicates the probability of exceeding various levels of cumulative release. When 

the uncertainties in parameters are considered in a performance assessment, the 

effects of the uncertainties considered can be incorporated into a single such 

distribution function for each disposal system considered. The Agency assumes 

that a disposal system can be considered to be in compliance with §191.13 if this 

single distribution function meets the requirements of §191.13(a).  

From this passage it is clear that the EPA's intent is for all of the results to be 

combined into a single CCDF, which is then to be used for comparison with the limits 

in 40 CFR 191.13. Unfortunately, there is some controversy about this procedure.  

It is the NRC, not the EPA, that will evaluate the site license application, including 

the results of performance assessments. The NRC position is that, when multiple 
"alternative conceptual models" are considered, the results of the alternative models 

should not be combined, but should be kept separate. Using this logic, multiple 

CCDFs would be produced or, alternatively, a single CCDF using only the most 

conservative of the alternatives (NRC, 1989, Comment 98).  

There is a logical difficulty in separating "alternative conceptual models" from 

simple parameter variation, because normally the alternative models are arrived at 

by choosing discrete, possibly extreme, values of some parameter or parameters.  

(See the discussion in Appendix A of Tierney, 1991.) For example, the two alterna

tive models of unsaturated flow and transport that are discussed in this report (the 

composite-porosity model and the weeps model) could be regarded as two special 

cases of a more general model of flow and transport, one with an infinite value of a 

matrix/fracture coupling parameter and the other with a zero value for the coupling 

parameter. Similarly, many other branches of the FEP diagrams that have hereto-
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fore been called alternative conceptual models could also be parametric variations 
of more general models.  

Our approach to dealing with this problem is to present the CCDFs both ways: 
CCDFs will be presented for each alternative model and for the combination.  

8.1 Methods of generating an overall CCDF 
Two methods have been described for generating an overall CCDF using Monte 

Carlo techniques (SCP Section 8.3.5.13; Tierney, 1991). In the first method, a single 
Monte Carlo simulation is made, in which all important FEPs are included. Some 
number of realizations of the repository system are calculated. Each realization 
is a possible future history of the system. For each realization, the appropriate 
probabilities are applied to determine whether a volcanic intrusion occurs and to 
determine percolation flux as a function of time, to take two examples. Each realiza
tion represents the whole system over the entire time of calculation, and a history 
of radionuclide releases over that time is produced. After all the realizations have 
been calculated, their associated normalized cumulative releases to the accessible 
environment are combined into a CCDF that can be compared directly to the EPA 
limits. Conceptually, this method is very simple, but there are practical problems 
with its application, especially for preliminary performance assessments such as this 
one. In preliminary work, study of repository subsystems individually makes it eas
ier to understand the subsystems and to determine which FEPs are most important.  
Also, with this method, study of a low-probability event or feature would be very 
inefficient because the method requires calculation of a multitude of realizations, 
many of which would not incorporate the event or feature of interest.  

These practical problems led to development of the second method, in which 
the set of all possible future histories, or scenarios, is subdivided into subsets, called 
"scenario classes." (The reader is cautioned that there is no standard terminology, 
and various authors use words like "scenario" to mean different things. We are 
following the terminology of SCP Section 8.3.5.13, and Tierney, 1991.) The parameter 
space is subdivided in such a way that the scenario classes are mutually exclusive 
(no scenario is counted twice) and exhaustive (any scenario belongs to one of the 
classes). A "conditional CCDF" (conditional upon the parameter values, etc., that 
define the scenario class) is calculated for each scenario class, and then the combined 
CCDF is a weighted sum of the conditional CCDFs: 

N 

G(m) = pj Gj (m) , (8.1) 
j=1 

where m is the normalized release or EPA sum, Gj (n) is the conditional CCDF for
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the yth scenario class, G(m) is the overall CCDF, pj is the weighting factor for the 
"-Jth scenario class, and N is the number of scenario classes. The weighting factor pj 
is the probability that scenario class j will occur. All of the probabilities must add 
up to one, so 

N 
p= 1 . (8.2) 

j=1 

Gj and G are complementary cumulative probability distribution functions and as 
such must follow the rules for such functions: G(oo) = 0, G(0) < 1, and G must be 
monotonically nonincreasing. These rules are not normally of concern; if the CCDFs 
are calculated by means of a Monte Carlo method, they will automatically have the 
proper form.  

Only one of the two Monte Carlo formalisms just described (the second) has ac
tually been used up to now, and it is being used for performance assessments of the 
WIPP site (Bertram-Howery et al., 1990). Other methods, which do not use Monte 
Carlo techniques, are also possible. For example, McGuire et al. (1990) have demon
strated a method that uses a logic-tree formalism. Their method can be likened to the 
second method above, with discrete probability distributions rather than continuous 
probability distributions for the parameters.  

The method used for this preliminary TSPA is unlike any of the methods de
scribed so far. The CCDF calculation is divided into parts, as in the second method 
above, but the division is made by calculating different processes separately rather 
than by defining mutually exclusive scenario classes. We will apply the term "sce
nario category" to our subdivisions to distinguish them from scenario classes. Sce
nario classes are mutually exclusive, but scenario categories are not. As has already 
been described, we made preliminary calculations for three basic scenario categories: 
"nominal" groundwater and gas transport, exploratory drilling, and basaltic igneous 
intrusion (volcanism). Some of these scenario categories were further subdivided 
into subcategories; for example, nominal conditions were modeled using two dif
ferent models for unsaturated-zone groundwater flow and transport. The scenario 
categories modeled are not exhaustive, either. To achieve an exhaustive set of sce
narios will require additional work on "scenario screening" to determine what FEPs 
are of such importance that they must be included in the calculations (see, e.g., Barr 
et al., 1991). The scenario categories used for this study were chosen because we 
believe them to be among the most important. Quantification of this belief will come 
with future work. Since we do not claim to have an exhaustive set of scenarios, the 
final CCDF that is generated is still a conditional CCDF, including only a subset of 
the important FEPs.
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To discuss the issue of whether the scenario categories need to be mutually 

exclusive, let us consider our three top-level categories: nominal conditions, human 

intrusion, and volcanism. By definition, "nominal conditions" always occur. In our 

baseline human-intrusion case, exploratory drilling is always assumed to occur as 

well; in fact, it is assumed that 17 exploratory drill holes are drilled in the repository 

area in each realization (Section 6.5). Volcanism is the only one of the three that might 

or might not occur. A set of mutually exclusive scenario classes encompassing these 

assumptions would be as follows: 

1) Nominal conditions and human intrusion occur, but volcanism does not.  

2) Nominal conditions, human intrusion, and volcanism all occur.  

It is much more convenient, at least at this preliminary stage of the performance 

assessment of Yucca Mountain, to calculate the three types of releases separately, 

as described in the preceeding chapters. The necessary assumption to be able to do 

this is independence. The three types of releases are assumed to be independent of 

each other. That is, we assume the following: 

1) Exploratory drilling does not significantly affect groundwater or gas flow 

within the mountain.  

2) Nominal groundwater and gas flow do not affect exploratory drilling.  

3) Exploratory drilling does not affect volcanism.  

4) Volcanism does not affect exploratory drilling.  

5) Volcanism does not affect groundwater or gas flow.  

6) Nominal groundwater and gas flow do not affect volcanism.  

Some of these assumptions are not entirely valid, but in most cases the ef

fects of interactions between these events or processes are of lower order (i.e., are 

less important) than the direct effects that we have modeled. Assumptions 3 and 6 

seem likely to be valid. Assumption 1 is probably a good approximation because 

a drill hole probably will have a very small effect on the patterns of water and gas 

flow at Yucca Mountain; nonetheless, this is something that needs to be studied.  

Assumption 4 is probably not quite valid-if there were a volcanic event at Yucca 

Mountain, it would presumably suppress exploratory-drilling activity at least for a 

time. This seems like a very small effect that is reasonably neglected. Assumption 

2 is partially true, in the sense that water and gas flow in the unsaturated zone
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probably do not have any influence on whether people decide to drill or where they 

drill (saturated-zone flow could influence drilling if the drilling is for water), but 

water flow can affect the consequences of a drilling event. The "near miss" part of 

the exploratory-drilling calculation should properly be coupled to the calculation of 

nominal groundwater flow and transport. In decoupling them we have made an 

approximation, the validity of which should be examined in the future. In the cal

culations that were made, the near-miss part of the exploratory-drilling CCDF was 

not very important; that seems likely to be true even for a more sophisticated, cou

pled calculation. The calculations of exploratory drilling followed by saturated-zone 

transport should properly be correlated with the saturated-zone transport part of 

the nominal-conditions calculations, but a noticeable effect on the results is unlikely.  

Lastly, assumption 5 was made for reasons of simplicity and is certainly not true.  

Effects of volcanic events on radionuclide transport need to be studied. The effect 

on the overall CCDF from these interactions would probably be minor, however, 

because of the low probability of having a volcanic event in the vicinity of Yucca 

Mountain within 10,000 yr. The probability would be higher than the 2 x 10'- prob

ability of an event that acts directly on the repository (Chapter 7) because a larger 

area has to be considered. However, it is likely that many types of volcanic events 

would have only a small effect on the regional groundwater flow.  

To conclude this section, a comment on independence is in order. In the human

intrusion calculations for this TSPA, the "near miss" part of the calculation is an 

estimate of the effect of nominal flow and transport on releases due to exploratory 

drilling. Thus, in a sense, the nominal scenario category and the human-intrusion 

scenario category are not independent. However, in the present discussion we are 

using "independent" in a precise mathematical sense. If calculations can be per

formed for one scenario category without requiring knowledge of the corresponding 

calculations for another scenario category, then the first scenario category is inde

pendent of the second. If two scenario categories are independent of each other, we 

simply say that they are independent. The near-miss calculation is an estimate of 

the correlation between the nominal and human-intrusion scenario categories but, 

mathematically, the calculations assume that there is no correlation between the 

two scenario categories. This type of approach could suffice for some of the other 

correlations discussed above as well.  

8.2 Combination of CCDFs for this study 
In the course of this TSPA study, 14 conditional CCDFs were generated (not 

counting additional ones made for sensitivity studies). Figures 8-1 and 8-2 show
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Figure 8-1. Schematic for combining 14 conditional CCDFs into 1.  

schematically two possible ways of combining the CCDFs into a final conditional 

CCDF. Figure 8-1 shows the straightforward method that would be used if results 
of the two alternative unsaturated-zone-flow models were combined to form a com

bined CCDF for nominal conditions, the two alternative models of volcanism were 

combined to form a combined CCDF for volcanism, and those two combinations 
were then combined with the human-intrusion results to form a final overall CCDF.  

Note that the alternative models of volcanism are different in character than the 
alternative models of nominal conditions. The composite-porosity model and the 
weeps model represent different conceptualizations of nominal conditions. The two 

volcanism models, on the other hand, are based on the same conceptual model for 

releases caused by a basaltic intrusion, but calculate the releases in different ways, 

from different information. Note also that, although the three exploratory-drilling 

(human-intrusion) calculations appear in Figure 8-1 to be alternative models also, 

they are calculations of different aspects of the human-intrusion scenario category, 

as is discussed below.  

Figure 8-2 shows the method that would be used if the alternative conceptual 

models were not combined, but rather overall CCDFs were produced for each flow
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Figure 8-2. Schematic for combining the conditional CCDFs, keeping the "alternative 
conceptual models" separate.  

model separately. The dashed lines show that the two ""overall" CCDFs could still 

be combined at thi distncti e resulting CCDF would then be the same as the one 
produced using the method in Figure 8-1. Because of the controversy over how to 
present results from alternative conceptual models, the second method (Figure 8-2) 
is used in the following discussion.  

It is unclear how the two alternative models ou ao belcareshould fit into 
the framework represented by Figure 8-2 since they are not really alternative concep
tual models-they are both based on the same conception of the physical processes.  
Because of this distinction, it would perhaps be acceptable to combine the two vol
canism CCDFs, though such a combination would have one of the same difficulties as 
a combination of conceptual models, the difficulty of justifying the relative weights 
of the two models. The two volcanism models could also be carried along sepa

rately, as is done for the alternative flow models, in which case there would be four 
"overall" CCDFs. Because of the low probability of the volcanism scenario and the 
relatively low consequences, the volcanism CCDF makes no significant contribution
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to the overall CCDF (except at very low probabilities), regardless of which method 

is used. Thus, in the following discussion, volcanic releases are simply represented 

by the releases calculated using Method 1, because they are higher than the releases 

calculated using Method 2 (see Chapter 7).  

Nine of the fourteen CCDFs concern nominal aqueous and gaseous releases, 

three of the CCDFs concern releases due to exploratory drilling, and two of the 

CCDFs concern releases due to volcanism. There are two parts to "nominal" con

ditions because of the two alternative conceptual models of flow and transport that 

were used, the composite-porosity model and the weeps model. Of all the scenario 

categories, the most detail went into the calculations of nominal groundwater flow 

and transport for the composite-porosity model. This detail is present because that 

model is more "mature" than the others; it is reflected in the fact that 6 of the 14 

CCDFs go into that category.  

Three different methods were used in combining the component CCDFs. The 

nodes in Figures 8-1 and 8-2 are labeled with a 1, a 2, or a 3, depending on which 

method was used for that combination. The three methods are as follows.  

1) "Weighted sum," for combining categories that are mutually exclusive. This 

is the classical method for combining scenarios that would be used for all CCDF 

combinations if we had a set of mutually exclusive, exhaustive scenario classes. The 

weighting referred to is just the probability of occurrence of the event or feature 

(it is harder to work processes into this framework, but it can be done-see Tier

ney, 1991). The probabilities could occasionally be deducible from hard data, but 

in practice they will most often be assigned on the basis of "expert opinion." The 

mathematical formulation of this method is given in Equation 8.1. An example of 

this combination type is given by the combination of the three human-intrusion 

CCDFs. This combination is described in Chapter 6. To reiterate, three different 

types of consequences for a drilling event were modeled: direct release to the sur

face, transport through the tuff aquifer to the accessible environment, and transport 

through the carbonate aquifer to the accessible environment. These three possibil

ities were assumed to be mutually exclusive-only one of them could occur for a 

given realization. This assumption is not necessarily true, of course, but was used 

to simplify the calculations. A realistic weighting of the three possibilities was not 

attempted; they were simply given equal weights for demonstration purposes. The 

resultant conditional CCDF for human intrusion is given in Figure 6-30. The other 

node where a type-1 combination is shown in Figure 8-2 is the (dashed) combination 

of the two alternative models of unsaturated-zone flow. That combination will be 

discussed below.
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2) "Horizontal addition," for combining aqueous and gaseous releases. Ideally, 

for each realization of the system, aqueous and gaseous releases would be calculated 

and combined into the EPA sum for that realization, and thus the appropriate corre

lations between aqueous and gaseous releases would be preserved. For this study, 

to simplify the calculations, aqueous releases and gaseous releases were calculated 

separately, with no correlation between them. To combine them, the aqueous and 

gaseous EPA sums at the same probability level were added together to form the 

combined EPA sum. Mathematically, this is expressed as follows. Say that Ga(ma) 

is the conditional CCDF for aqueous releases and G,(m.) is the conditional CCDF 

for gaseous releases. For a given probability g, find the aqueous partial EPA sum 

ma such that Ga(ma) = g and the gaseous partial EPA sum mg such that G,(m_) = g.  

Add the aqueous and gaseous partial EPA sums to get the combined EPA sum, 

m = ma + Mg. Then the combined CCDF is such that G(m) = g. This combination 

method has no real theoretical justification, but is a good pragmatic choice when the 

correlations have not been preserved. It associates high aqueous releases with high 

gaseous releases and low aqueous releases with low gaseous releases. If both calcu

lations had the same dominant parameter (for example, if the fuel-matrix-alteration 

rate were the key parameter), then this procedure would give nearly the right an

swer. With the assumptions made for this study, gaseous releases are significantly 

higher than aqueous releases, so the combination of the two is dominated by the 

gaseous part and including the correlations properly would make little difference.  

Figures 8-3 and 84 show the combined aqueous + gaseous conditional CCDFs for 

the composite-porosity model and for the weeps model. This method of combining 

CCDFs has been used by other researchers: for example, McGuire et al. (1990).  

3) "Probabilistic sum," for combining independent categories. This method of 

CCDF combination is appropriate when the scenario categories being combined are 

completely independent (have no influence on each other). As discussed above, for 

this study we assume that the three basic scenario categories are independent of 

each other. This kind of CCDF combination is accomplished by making another 

Monte Carlo simulation. A sample (i.e., a partial EPA sum) is drawn from each 

of the distributions to be combined, and the partial EPA sums are added to get 

the combined EPA sum. This procedure is repeated many times (10,000 times was 

chosen as a suitably high number); the distribution of the combined EPA sums is 

recorded and becomes the combined CCDF. As shown in Figure 8-2, in addition 

to combining the three basic scenario categories by this method, the six columns in 

the composite-porosity unsaturated-zone calculation were combined this way. The 

underlying assumption is that parameter values in one column are completely un-
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correlated with parameter values in the other five columns. Although this choice 

was made for reasons of convenience, to make the calculations easier, the choice is 

not completely unreasonable, because the spatial separation between the columns 

is large and there may well be little correlation. However, in future calculations 

it would be preferable to put in a better estimate of the expected correlation. Fig

ure 8-5 shows the conditional CCDFs for the six columns (aqueous releases only) 

and the conditional CCDF for the combination. The fact that releases were usually 

significantly higher in Column 6 than in the other five columns reduces the possi

ble effect of correlations. The inconsistency between the individual CCDFs and the 

combination CCDF at low probability values (for example, the CCDF for Column 1 

sticks out beyond the combination CCDF) is a result of the statistics of low numbers 

(since the combination was done probabilistically rather than deterministically) and 

the way the range of EPA sums was divided into bins. The inconsistency should not 

be cause for concern; those low probability values have little statistical significance.  

(Some discussion of statistical significance in CCDFs can be found in Wilson et al., 

1991.) 

Next, let us turn to the combination of the three basic scenario categories. Be

cause they are assumed to be independent of each other, the combination is done 
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Figure 8-5. Conditional CCDFs for aqueous releases from the six columns, and the 
combination CCDF.
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using method three. First, consider the combination of nominal conditions, human 

intrusion, and volcanism, with nominal conditions represented by the composite

porosity model (the upper part of Figure 8-2). This combination is shown in Fig

ure 8-6. The "nominal" releases are much higher than the human-intrusion releases, 

so the combination curve is nearly the same as the nominal curve. The curve for 

volcanism is off the scale. If the same combination is made With nominal conditions 

represented by the weeps model (the lower part of Figure 8-2), the combination curve 

in Figure 8-7 results. This time, nominal conditions do not dominate human intru

sion as much and the combination curve is noticeably different from the nominal 

curve. Once again, the volcanism curve is off the scale.  

Finally, consider combining results for the two flow models (the dashed lines 

in Figure 8-2). For purposes of this study, the two flow models were considered to 

be mutually exclusive-either the composite-porosity model is right or the weeps 

model is right. This is a simplification of the real situation, in which it is possi

ble for a combination of the two to be the right answer. However, we have no 

information about that possibility. To combine the CCDFs with the assumption of 

mutual exclusiveness, a linear combination of the two curves is taken, as discussed 

before. To do this, it is necessary to assign a relative weight to each of the models.  
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Figure 8-6. Overall conditional CCDF, with composite-porosity model assumed for 
unsaturated flow.  
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Figure 8-8 shows three curves. Two of them have already been shown: they are 

the pure composite-porosity curve and the pure weeps curve. These two curves 

are the limiting cases of the possibilities for linear combinations; in one case the 

weighting would be (1, 0) and in the other the weighting would be (0,1). The third 

curve is halfway in between, which is to say a weighting of (0.5,0.5). Figure 8-8 has 

been duplicated in Figure 8-9 with a linear probability axis rather than the usual 

log probability axis, so that it can be seen more clearly that the middle curve is 

always halfway (vertically) between the other two curves. Equal weighting is the 

natural choice in the absence of any information favoring one model over the other.  

If some other weighting could be chosen, based on "expert opinion" or on objective 

information, then that weighting would define another curve. Clearly, any of the 

combination curves will always be between the two "pure" curves. As stated previ

ously, whichever of these curves is regarded as the overall CCDF for this study, it is 
still not a total CCDF but only a conditional CCDF for the subset of the parameter 

space that we have considered.
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Chapter 9 
Comments and Comparisons 

(Barnard, Eaton) 

9.1 Comments on abstraction 

The abstracted models used as a basis for this TSPA were developed from our 

current understanding of the Yucca Mountain site, analog sites, and from prior de

tailed analyses. They represent models near the top of the PA pyramid discussed in 

Chapter 2. The abstraction that produced these models was intended to capture the 

essential features of processes, concepts, and models, and possibly to permit their 

expression in a simpler fashion. It is quite possible that the abstracted models may 

not be simpler in concept than "detailed" models. They may only involve fewer 

calculational procedures. The abstracted models used in this study will change as 

the models lower in the pyramid receive further development.  

Abstraction is not only done to facilitate complex analyses. Many processes 

are either so complex or so extensive that they cannot readily be comprehended.  

Abstraction, by grasping the essence of such processes, permits analyses of them to 

be more easily understood. It also is an important tool in the initial screening of 

scenarios, when it is not efficient to perform complex analyses of processes that can 

be shown to be insignificant. Abstracted models must strike a balance between 

being simple in construction and having sufficient sensitivity to the constituent pa

rameters.  

The abstractions done in this analysis fell into two categories. Some abstrac

tions reduced the complexity of the processes being modeled-these abstractions 

were made by simplifying the description of the physics of the processes. Others 

were expedient-the amount of simplification in the descriptions was determined 

by the resources that could be committed to the work. In the former category was 

the use of the TGIF simulations for gas flow (Ross et al., 1992); in the latter category 

was the use of rather gross temperature bands for the relationship between travel 

time and temperature in the analysis of gas flow.  

To properly do abstraction, it is necessary to use the results of the models lo

cated in the lower levels of the PA pyramid to avoid making excessively conserva

tive assumptions. It is tempting to make conservative assumptions as a substitute 

for sufficiently detailed analyses. While each conservative assumption may not it

self cause a serious overestimation of releases, multiple conservative assumptions 

can result in an excessively conservative result. When the process appears to be ex-
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cessively conservative, an analysis of the assumptions that were used in the calcu
lations may identify areas where further information would be most effective in 
making the assumptions and the calculations more realistic. Such an analysis can 
fruitfully be based on comparisons with detailed calculations. As the detailed 
models receive further development, conservatisms in the current study can be ex
amined and perhaps relaxed.  

The following table lists the supporting calculations for the various compo
nents of the TSPA analysis. The column listed "Examples of Conservatism 
Remaining" lists factors for which there were conservative assumptions made; it is 
not intended to be exhaustive. For each entry, the abstractions and conservatisms 
are discussed in the pertinent chapters.  

Table 9-1 
Resources for abstractions used in TSPA models 

TSPA Supporting Calculations Examples of 
Component for Model Conservatism Remaining 

Groundwater Flow NORIA-SP and LLUVIA-II Water-flux distribution 
and Transport simulations for UZ composite in model; 

model. source term.  
STAFF2D for SZ model. Water-velocity flow field.  
Nonequilibrium fracture/matrix Absence of imbibition; 
flow. source term.  

Gas Flow and 2-D TGIF simulations at various Temperatures for travel 
Transport temperatures. times assumed hottest 

Time-temperature profile. conditions; 
source term.  

Human Intrusion Expert opinion on drilling prac- Mobilization and 
tices and phenomena. transport probably 

overestimated.  
Volcanism Prior work on regional activity Intrusion mechanism 

and occurrence. overestimates amount of 
I waste entrained.  

9.2 Comparisons with detailed calculations 
Comparisons to validate the use of abstractions should be made against the 

models lower in the PA pyramid described in Chapter 2-those of limited scope, 
and with a more comprehensive treatment of the modeled processes. In this cate
gory, we can compare TSPA groundwater-flow analysis. The remaining TSPA
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components had no independently calculated detailed analyses against which to 

compare.  

9.2.1 Comparisons for unsaturated flow 

The justifications for the abstracted models for unsaturated groundwater flow 

were examined by calculations using the finite-element code NORIA-SP (Hopkins 

et al., 1991) and the finite-difference code LLUVIA-II (Eaton and Hopkins, 1992).  

These calculations are described in Appendix II. The calculations were run for four 

water percolation rates-0.01, 0.1, 1.0, and 3.0 mm/yr. The lowest flux was useful 

for confirming that saturation values were comparable for the 1-D and 2-D 

analyses. The higher percolation rates were important demonstrations that water 

flow was primarily one-dimensional downward in the problem domain, and that a 

one-dimensional abstraction was appropriate.  

As has been observed previously for 2-D simulations, variations in the hydro

logic material properties in adjacent geologic units can cause lateral flow by the 

percolating water. However, the analysis presented here showed that the relative 

amounts of lateral flow (qxmax/ (percolation velocity)) decrease with increasing 

percolation. This is contrary to results obtained in the same percolation regime us

ing other sets of material properties and geometries (Prindle and Hopkins, 1990).  

(Note that the lateral flow in Prindle and Hopkins is primarily above the repository 

horizon, and therefore out of the current problem domain.) Among the combina

tions of parameters sampled in the probabilistic simulations there are undoubtedly 

some that would lead to lateral diversion. However, given the assumptions made 

for the stratigraphy, material properties, and boundary conditions for this analysis, 

flow occurs dominantly in the vertical direction. Therefore, it is reasonable to as

sume that a 1-D simulation can approximate this behavior.  

9.2.1.1 Results and comparisons 

Appendix II describes the problem setup for the NORIA-SP and LLUVIA-II 

analyses. Figure 9-1 shows the near-steady-state results of the NORIA-SP calcula

tion for the 3.0 mm/yr-flux boundary condition. Although appreciable vertical 

flow appears to be occurring in the Ghost Dance Fault, little lateral flow at the unit 

interfaces occurs. It should be noted that the NORIA-SP calculations were termi

nated before reaching a true steady-state because of the amount of computer time 

consumed. The flow is in steady state down through the top three layers. The flow 

in layers 4 and 5 did not reach steady-state.
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Figure 9-1. Darcy velocity vectors calculated by NORIA-SP 

Figure 9-2 shows steady-state Darcy-velocity vectors calculated with LLUVIA
1I for percolation rates (qi) of 0.01, 0.1 and 1.0 mm/yr. It can be seen from the veloc
ity-vector plots that the relative amount of lateral flow decreases as the boundary 
flux increases. Figure 9-3 shows particle pathlines for the 0.01 and 1.0 mm/yr cases.  
The plots show that the validity of the one-dimensional assumptions increases with 
percolation rate. Table 9-2 lists the ratio of the maximum lateral-flow fluxes to the 
boundary flux for the three cases. The table shows that while the magnitude of the 
lateral flow increases with increasing percolation the relative magnitude 
(qxmax/(percolation flux)) decreases. These relatively large amounts of lateral 
flow at the low fluxes are consistent with the TSPA groundwater-flow results 
obtained by PNL.
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Table 9-2 
Relative lateral flow

Percolation (qi) qxmax qx/qi 
(mm/yr) (mm/yr) 

0.01 0.03 3.0 
0.1 0.17 1.7 
1.0 0.22 0.22

Lateral flow occurs when geologic units of relatively high permeability overlie 

units with lower permeabilities, or vice-versa. As the percolation rates are in

creased, the local negative pore pressure heads in all units increase toward zero, 

and the magnitudes of the pressure-dependent matrix conductivities approach their 

respective saturated values. The relative magnitudes of the conductivities vary as 

percolation rates are increased. For the materials used in this study, matrix con

ductivities at the interface of units 2 and 3 (zeolitic and vitric) differ by more than 

two orders of magnitude for the 0.01-mm/yr case. However, when the percolation 

is increased to 1.0 mm/yr, the conductivity ratio is less than a factor of 2.  

Consequently, the relative amount of lateral flow decreases.  

Vertical and horizontal velocity profiles for a boundary flux of 0.1 mm/yr are 

shown in Figures 9-4 and 9-5. Figure 9-4 shows that at the water table, the down

ward velocity magnitude increases toward the down-slope end, as would be 

expected from gravitational effects. The spike in the lateral-velocity profile at 

elevation 870 m in Figure 9-5 is a result of the conductivity difference between units 

4 and 5. Near this interface, there is over a 10-fold difference in the partially 

saturated conductivities. The ratio of the saturated conductivities at this material 

interface is 8*10-11/3*10-12 = 27. The larger conductivity with little change in 

pressure gradient gives the velocity spike.  

Although the amount of lateral diversion at the lowest percolation fluxes is 

relatively large, it is still an absolutely small amount. This minor extent of lateral 

diversion helps to support the validity of using 1-D models for the groundwater

flow component of the TSPA. However, until the range of percolation is better de

fined, lateral flow cannot be ignored in calculations. The horizontal uniformity of 

the flow field implies that the use of several 1-D columns whose properties are spa

tially uncorrelated is not inappropriate for modeling extended regions, such as the 

repository. For further examination of the validity of 1-D simulations, 2-D trans

port runs should be done to compare with the 1-D simulations.
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9.2.2 Other comparisons 

When comparing abstracted models with detailed ones, the ranges of appli
cability of the abstractions must be considered. For example, there are many prior 

examples of unsaturated-flow analyses where the groundwater does not flow pri
marily downward. Indeed, the choices of problem domain, boundary conditions, 

and material properties used in the TSPA may have contributed to the satisfactory 
relationship between the 1-D and 2-D calculations. One of the areas of future work 

on abstracted TSPA analyses is to determine the regions of applicability of the 

models.  

9.2.2.1 Saturated-zone calculations 

The flow fields used as inputs to the saturated-flow TSPA analysis were sepa
rately calculated with the code STAFF2D, rather than being calculated as part of the 

TSPA analyses. This component of the TSPA has not been independently com

pared with more detailed models, since we do not have any model with more 

detail.  

9.2.2.2 Human intrusion and basaltic igneous activity 

The SNL human-intrusion and basaltic-igneous-activity analyses were ab

stracted from prior conceptual models. The TSPA analyses are as complex as the 
supporting calculations for the original conceptual models (e.g., compare Crowe et 
al., 1983, for the igneous analysis), so there is no comparison that can be made with 

complex models.  

9.2.2.3 Gas transport 
The gas-transport TSPA calculations used as the abstracted model the travel 

times calculated by the TGIF analysis (Ross et al., 1992). In contrast, the PNL 

analysis* calculated gas flow resulting from the transient thermal and hydrologic 

response of the unsaturated rock to repository heating. Their model included 2-D 

geometry, multi-phase transport, and transient thermal and flow conditions. The 
transport process for the SNL model was advection of 14 CO 2; both advection and 

diffusion were included in PNL's model. Although both the SNL and PNL analy

ses used the water percolation rate as a parameter, this factor only affected the 
source term in the SNL work. Because the PNL work considered two-phase pro

* A description of the PNL analysis is given in the document by Eslinger et al.  

listed in the bibliography.
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cesses, the percolation rate parameterized every simulation. In the PNL analysis, 

only results for the 0 mm/yr percolation rate are shown; however, both that rate 

and a 0.01 mm/yr percolation rate were investigated. The most important factor in 

the differences between the SNL and PNL results was the value for the air 

permeability. PNL used a considerably smaller permeability, which had the effect 

of making their results be diffusion-dominated. The larger permeability value used 

by SNL resulted in an advection-dominated process for our results. The PNL work 

found that gas flow was strongly affected by the saturation in the rock; at high satu

rations, little gas flow could occur. Table 9-3 compares the gas-phase releases for 

the PNL analysis and the two SNL models.  

Table 9-3 
Gas-phase releases of 1 4 C 

(Adapted from Eslinger et al., 1992b) 

Model Time of Maximum Release Rate at Cumulative 
Release Surface Release at Surface 

(yr) (Ci/yr) (Ci) 

SNL (Composite- 3550 1.42 3.0 
Porosity Model) 

SNL (Weeps Model) 3550 5.59,10-4 4.0-10-4 

PNL (SUMO) 9768 1.0*10-2 2.4 

The two SNL models predict the same time of maximum release, since they 

only differ by the mobilization mechanism for the source term (see Chapter 5). The 

release rates differ by the differing strengths of the two source terms. Both SNL re

sults were calculated with a water flux rate of 1.0 mm/yr. The PNL results shown 

above were calculated using the 0 mm/yr groundwater flux. Because they used a 

lower gas permeability, and because of the retarding effect of water saturation aris

ing from repository thermal processes, the PNL results show a longer time to reach 

maximum release. Given the uncertainties in the calculations, the cumulative re

leases over 10,000 years are comparable for the SNL and PNL composite-porosity 

models.  

9.3 Success of abstraction 

The abstracted results appear to adequately represent our understanding of 

the results obtained from exercising our currently available detailed models. The 

two models chosen for the aqueous processes most likely represent extremes of the
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possible phenomena; although there is little validation of the gas-flow models, the 

two independent calculations (SNL's and PNL's) produced similar results; the 

results for igneous activity lie sufficiently far away from regulatory limits that it is 

unlikely that uncertainties in the model can cause releases to exceed those limits.  

The responses to variations in the input parameters and to variations in modeling 

assumptions are reasonable, given our understanding of the processes. The 

abstraction done for this study probably forces more conservatism into the models 

than will be included in the more detailed calculations; presumably, additional data 

will furnish justification for assumptions that in this study were made 

conservatively simply because of the scarcity of data. Consequently, the results of 

this TSPA may not accurately reflect the characteristics and behavior of the site as 

accurately as future assessments will.  

9.4 Comments on performance measures 
The performance measure specified by EPA is the CCDF. It graphically illus

trates the probability of exceeding a release limit (in this case, release of radionu

clides to the accessible environment). CCDFs may obscure other aspects of the re

sults, however. For CCDF curves that do not exceed the release limit, there are 

other ways of displaying the outcomes of analyses that may be more useful in char

acterizing the performance of the total system. For example, the two disjoint distri

butions comprising the near misses and direct hits due to drilling are better illus

trated by histograms of the releases (see Section 6.6).  

The CCDFs representing the total-system performance presented in this report 

give the probabilities of cumulative release of radionuclides to the accessible envi

ronment from all components of the system that were modeled. For the compo

nents themselves, other performance measures may be more illuminating.  

Examples of other performance measures are release rates, or distributions of re

leases as functions of time or other parameters. Some of these measures may be 

better for evaluating the performance of the components. Subsystem performance 

objectives, such as the NRC containment and travel-time requirements, should be 

viewed as performance measures for the subsystem only; as was shown in Section 

4.7, some subsystem performance measures may indicate acceptable total-system 

behavior while other measures of subsystem performance do not. Similarly, some 

measures of performance that satisfy regulatory standards based on dose may not 

meet standards based on releases.
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Chapter 10 
Conclusions and Summary 

(Barnard and Dockery) 

10.1 General conclusions 
The preliminary total-system performance assessment completed by SNL met 

the two goals stated in Chapter 1. This TSPA is the first in a series of iterative total

system performance assessments, and as such, contributes to the development of 
the process for future iterations. We have shown that we can abstract complex 

processes into more simplified representations, and yet still produce results that re

tain some degree of sensitivity consistent with our understanding of the processes 

and that give results consistent with work done using other models and techniques.  

We have been able to combine the results into a conditional total-system CCDF.  

Although the process models used in this TSPA are complex, they are located near 

the top of the hierarchy of models shown in Figure 2-1. Detailed models near the 

bottom of the hierarchy are needed to form the basis for abstracted models.  

Although the scope was limited and the results may not be directly applicable 

to an evaluation of site suitability, we believe we have demonstrated the success of 

using these techniques for this type of analysis. Clearly the fundamental approach 

is sound. The use of abstracted models facilitates the many calculations required in 

stochastic analyses without sacrificing understanding of the important aspects of 

the processes being modeled. Indeed, the abstracted models may make it easier to 

visualize the effects of the processes. However, the process of abstraction is not 
simple. It requires a very broad and detailed understanding of the operative pro

cesses and their effects. The assumptions underlying any abstraction must undergo 

extensive testing before we can be confident that we have captured all the impor

tant elements and their interrelationships.  

The results of this TSPA analysis reflect considerable uncertainty and many 

conservative assumptions. These conditions can be attributed to the current imper

fect understanding of the processes, resulting from the lack of site-specific input 

data. Therefore, they should not be used as the sole basis for any recommendation 

of higher-level suitability of the Yucca Mountain site, nor should they serve as a 

baseline for licensing documents, except as an example analysis to illustrate aspects 

of the form of anticipated later performance assessments. However, to some extent, 

these results may be useful in guiding near-term site-characterization activities.  

This preliminary TSPA can aid in assigning priorities to the collection of site-char-
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acterization data and can provide an incentive for further field work and research.  

In future TSPA-style analyses, sensitivity studies on the aqueous- and gaseous-flow 

components may prove even more useful to testing prioritization. A detailed list of 

the requirements for improving future calculations is contained in Chapter 11.  

Only a few of many possible scenarios have been investigated in this TSPA.  

Enough scenarios have been modeled to demonstrate the usefulness of the ap

proach. Our current understanding of these scenarios suggests that the suite proba

bly includes the most significant processes that could lead to the release of ra

dionuclides. Nevertheless, to increase confidence in the predictions of the behavior 

of the repository system, more scenarios must be modeled.  

10.2 Technical conclusions and summaries of components 
This section will first relate the TSPA estimates of behavior for the entire YMP 

repository system to the EPA release limits. Following the general discussion of the 

results of the analyses, a more detailed consideration of each component will be 

presented.  

10.2.1 Overall 

Conditional CCDFs representing an overall performance estimate of the total 

repository system were constructed; they reflect the contributions of all components 

modeled. Because two alternative conceptual models were used to represent the 

aqueous transport processes, two overall CCDFs were constructed--one assuming 

that the flow obeyed the composite model, and the other that the flow followed the 

weeps model. These CCDFs, along with their constituents, are shown in Figures 

10-1 and 10-2. In addition, an "overall" overall CCDF was produced with the con

tributions from the two flow models weighted equally (refer to Chapter 8, Figure 

8-8).  

The main contributors to releases calculated in this study were the nominal 

processes (i.e., aqueous and gaseous flow and transport). Disturbances, such as 

human intrusion and volcanism, were of much lesser importance. The overall 

CCDF using the composite-porosity model shows that the releases are almost en

tirely from 14 C. Due to the large gaseous releases, the possibility exists that the EPA 

limits for releases at the accessible environment are exceeded. The overall CCDF 

for the weeps model does not exceed the EPA limits. The particular combination of 

the two CCDFs shown here lies just below the EPA limits. The gaseous-release
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Figure 10-1. Overall CCDF for releases assuming the composite model for aqueous 
transport 

component of the composite-porosity model is the cause for exceeding the limits.  

However, a number of extremely conservative assumptions are built into the calcu

lations that were used to calculate the noncompliant CCDFs. Primarily, the as

sumption that the source term does not allow any benefit from the waste container 

or cladding (after container failure) is obviously not realistic for use in a final total

system assessment. Thus, the fact that our TSPA results show the possibility of 

noncompliance for these assumptions in no way indicates our belief that the site is 

inherently unsuitable. The results, particularly for the aqueous- and gaseous-re

lease components, may be construed as an upper bound for waste in an emplace

ment hole. Future calculations that allow more credit for containment by the EBS 

will allow a more reasonable approximation of the actual behavior of the repository 

system.  
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Figure 10-2. Overall CCDF for releases assuming the weeps model for aqueous 
transport 

10.2.2 Data set 

As was noted earlier, stochastic analyses incorporate uncertainties in data and 

model parameters and permit the estimation of uncertainty in the output. For the 
TSPA analyses, data were sampled from probability density functions for the pa

rameters. Considerable effort was expended on choosing PDFs that were felt to re
flect the analysts' degree of knowledge. However, given the uncertainties and 
sparseness of the data, the exact shape of a PDF may not be too important. As long 
as the PDF includes the entire range of significant probability, the results will be 
roughly similar.  
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10.2.3 Nominal processes 

These TSPA components include scenarios for both aqueous and gaseous re

leases of radionuclides from the potential repository as caused by nominal 

groundwater-flow and transport processes. Uncertainty in the models has been 

partially addressed by using two alternative conceptual models of flow in the un

saturated zone-the composite-porosity model and the weeps model. The calcu

lated releases are sensitive to the choice of the flow model; because a sensitivity 

study has not been done, the most important parameters for nominal conditions 

cannot be identified.  

Of the two nominal processes examined, gaseous releases are found to be the 

most significant, given the release limits as written in 40 CFR Part 191. The EPA 

limit for 14 C is 0.1 Ci/MTHM. This limit may be conservative for gaseous releases; 

i.e., the real health effects due to releases at that limit may be so few as to be unob

servable. Regardless of the conservatism of the standard, given the use of a more 

realistic representation of the EBS, it is quite reasonable to assume that the releases 

would have been in compliance with the limits in 40 CFR Part 191.  

For gaseous releases, the composite-porosity model predicts higher releases 

than the weeps model. This result is largely due to assumptions about how the 

waste containers fail in the two models. Another factor is that the percolation-rate 

distribution may be weighted too heavily in the high range, especially for the 

composite-porosity model.  

10.2.3.1 Groundwater flow and transport 

The results appear to indicate that there is little difference between the com

posite porosity and the weeps model concerning of site performance. However, 

analyses of subsystems of the total system (to compare with the NRC subsystem re

quirements) show the markedly different behavior of the two models. In calcula

tions using "average" values, the weeps model predicts a largely intact repository 

after 10,000 years. The composite-porosity model predicts a repository that is ac

tively degrading, with even greater releases at later times. In almost every case, the 

calculations using average parameter values result in significantly lower releases 

than the average of the results produced by the Monte Carlo simulations. This ef

fect occurs because combinations of extreme parameter values in probabilistic 

simulations produce results that outweigh average behavior. This effect is caused 

by nonlinear problems.
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10.2.3.1.1 Composite-porosity model 
For the composite-porosity flow model, the calculated aqueous releases at the 

accessible environment are about two orders of magnitude below the EPA limit.  
The releases at the water table are well below those from the EBS, indicating that 
the unsaturated zone is a significant barrier to the release of radionuclides. The 
processes contributing to this reduction include the generally long groundwater 
travel time associated with the composite-porosity model (a median of approxi
mately 70,000 years); the close coupling of the matrix and fractures included in this 
model, which allows significant matrix diffusion of radionuclides; and the retarda
tion of most radionuclides by sorptive minerals. The saturated zone, as modeled, 
adds little impediment to the radionuclide transport. In contrast to the unsaturated 
zone, the travel time in the saturated zone is only about 1000 years. However, a 
more sophisticated treatment of the saturated zone, especially in the tuff aquifer 
where water may be moving in very complex, nonlinear paths, could cause this 
travel time to change considerably.  

Among the nine radionuclides used in this study, 99Tc and 1291 dominate all 
aqueous releases. They are both highly soluble and are released from the waste 
form at the highest possible rate consistent with the source-term model-the fuel
matrix-alteration rate. Again, if a more realistic source term is developed for future 
calculations, the EBS will almost certainly provide a more robust barrier to release.  
Also, of the radionuclides studied, 99 Tc and 1291 are considered nonsorbing, and 
therefore their movement through both the unsaturated and saturated zones is not 
retarded.  

10.2.3.1.2 Weeps model 
Aqueous releases from the weeps model, to both the accessible environment 

and at the EBS boundary, are about one order of magnitude below the EPA limit.  
This is true even though the assumptions in the modeled conditions are quite con
servative. In the analysis, once radionuclides are mobilized from a waste package, 
most of them are transported from the EBS to the water table instantaneously.  

The dominant radionuclides in the release profile are again 99 Tc and 1291.  
Slight contributions are also made by 79Se, 234 U, and 23 7Np, which are relatively 
weakly sorbed, and thus not strongly retarded in the saturated zone. Yet, the satu
rated zone still provides a significant barrier for 79Se, 234U, and 237Np, as well as for 
the other radionuclides considered in this study.
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10.2.3.2 Gas flow and transport 

Interaction of groundwater with the waste containers plays a major role in the 

mobilization of 14 C. The gaseous-release source term uses the same unsaturated
zone flow models as for aqueous-release analyses-the composite-porosity model 

and the weeps model. Therefore, in addition to the importance of developing a re

alistic model for the source term and the near field interactions, identifying the ap
plicable conceptual models of groundwater flow is necessary.  

The gaseous releases calculated for the composite-porosity model slightly ex

ceed the EPA standard. This result primarily reflects the extreme conservatism of 

the assumptions employed for both the source term and the transport. The source
release model used in this exercise ignored the waste container and fuel-rod 

cladding as barriers to releases after the time of container failure. As soon as the 
14 C was mobilized, it was considered to be available for transport. In addition, the 

assumptions concerning alteration-limited releases from the spent-fuel matrix may 

be conservative.  

The CCDFs for releases to the accessible environment for gaseous flow are 
higher for the composite-porosity model than for the weeps model. This effect is 

the reverse of that for the aqueous releases. It occurs because the weeps model as

sumes that only a subset of waste containers is breached by flowing water and re
lease radionuclides. In the composite-porosity model, the flow is assumed to be 

more uniform, thus nearly all the waste containers are contacted and fail over time.  

It is possible for all the waste containers in a weeps simulation to fail and release all 
the 14C, but, with the current parameter distributions, the probability that they will 

do so is fairly low.  

10.2.4 Disturbed conditions 

The TSPA modeled two categories of disturbed conditions-human intrusion 

and basaltic igneous activity. Drilling at the Yucca Mountain site was considered 

the mechanism for human intrusion, and both surface releases and aqueous re
leases were modeled. Igneous intrusion considered the effects of a dike passing di

rectly through the repository.  

Under the assumptions modeled, human-intrusion surface releases do not ex
ceed the EPA limits. The releases can be made to approach the limits only by sub

stantially increasing (by twenty-fold) the EPA guidance for the maximum number 

of holes drilled. The likelihood of the occurrence of a human-intrusion event was 
not incorporated into this problem (i.e., the probability that drilling would occur
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was assumed to be 1.0). Although more information about the occurrence of at

tractive natural resources at the site may help us understand the probability of such 

an event, it will only decrease a CCDF that currently makes very little contribution 

to overall releases.  

Direct releases due to basaltic igneous activity also lie below the EPA limits. A 

more detailed model of the process would produce releases that probably would be 

much lower, since a number of extremely conservative estimates were incorporated 

into the analysis 

10.2.4.1 Human intrusion 

The conditional CCDFs for the base case in the human-intrusion scenario 

show that the surface releases do not exceed the EPA limits. Releases due to direct 

hits on waste packages were about 0.1 of the EPA limit, while releases from bring

ing contaminated rock to the surface (near misses) were about five orders of magni

tude lower. Similarly, aqueous releases due to mechanically transporting the waste 

to the saturated zone were significantly below the EPA limits.  

The magnitudes of direct surface releases were consistently above those of the 

groundwater-based processes. Releases from the tuff aquifer were about three or

ders of magnitude below those from the carbonate aquifer, primarily because the 

lower saturated water velocity and higher retardation assumed for the tuff keep 

plutonium and americium from reaching the accessible environment within 10,000 

years. The composite conditional CCDF for human intrusion is dominated by the 

surface-release component. Any aqueous contribution is about three orders of 

magnitude below the maximums created by surface release.  

For aqueous scenarios, the maximum releases through the tuff aquifer are 

produced by carbon, neptunium, and uranium isotopes. Averaged over all realiza

tions, carbon contributes over 60 percent of the radioactive release, with neptunium 

contributing about 15 percent. Because faster travel times were specified for the 

carbonate aquifer, the releases are greater. Releases from the carbonate aquifer are 

over two orders of magnitude higher at the 1 percent probability level. Averaged 

over all realizations, the two plutonium isotopes contribute over 90 percent of the 

total. The release of 14C is roughly the same for both aquifers, but the plutonium 

and americium releases are greatly increased in the carbonate aquifer.  

To attempt to more fully test the model, several sensitivity studies were done.  

For surface releases, the greatest effects occur when the maximum number of bore

holes drilled over 10,000 years is increased. For this study, the effects of increasing
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drilling density were shown for 10 times (170 holes) and 20 times (340 holes) the 
base case. However, even the twenty-fold increase still does not cause the condi
tional CCDF to exceed the EPA limit. Other sensitivity studies, such as using mul
tiple-inventory sources instead of a lumped-inventory source, or increasing the dif
fusion coefficient, or biasing the time distribution for drilling toward the latter part 
of the 10,000 years, had little effect on the releases. Because of the abstractions used 
in the drilling model, this model may not be fully representative of the site.  
Therefore, the results of the sensitivity studies are more properly interpreted as 
demonstrating the response of the model to parameter variations, rather than the 
response of the site to those variations.  

10.2.4.2 Basaltic igneous activity 

Surface releases due to basaltic igneous activity are below the EPA limits. This 
finding is supported by a consistency check done on prior work. Approximately 
90% of the releases come from 240pu, 239pu, and 24 1Am, i.e., those nuclides that are 
highest in the inventory. However, these releases are based on a very simplistic 
model using mechanical transport that does not take into account interaction of the 
waste with heat or reactive chemicals in the magma.
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Chapter 11 
Areas For Future Work 

(Wilson, Dockery, Barnard) 

Both the construction of the models and the results of the TSPA have given us 

a better understanding of the areas that should be investigated for future analyses.  

Conversely, it has also pointed to areas that may be of lesser immediate concern.  

Following is a list of topics that we believe should be addressed in future TSPA cal

culations. Only some of these issues will be addressed in the next iteration; there

fore, suggestions from the YMP community may be useful in assigning priorities to 

these topics.  

11.1 General Areas 

" We need to work toward an exhaustive set of scenario categories and eventu

ally perform the calculations within one of the two formal methods discussed 

in Chapter 8. One potentially important scenario category that was not con

sidered at all for this study is seismic events (tectonism).  

"* We should maintain an ongoing effort to validate the abstractions used in the 

TSPA.  

" New alternative conceptual models must be developed and integrated into the 

TSA as they arise. We need to study whether to combine existing models and 

how to combine them (e.g., the composite-porosity model and the weeps 

model).  

" Future TSPA-style analyses should help to guide the site-characterization ef

fort by continuing the identification of data needs begun in this analysis.  

These studies can begin by examining the data needs documented here.  

" New site-characterization data must be analyzed and, where applicable, in

corporated into new TSPA-style analyses. For example, groundwater-age data 

could indicate that weep flow dominates in part of Yucca Mountain (e.g., 

along Solitario Canyon), while composite-porosity flow dominates in another 

part. Future total-system analyses would then have to be adjusted to use dif

ferent conceptual models of flow for different parts of the mountain. As an-
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other example, climate data could indicate a significantly wetter (or drier) fu

ture at Yucca Mountain, and the analyses would then have to be adjusted to 

address this finding. If the data help to better define probability density func

tions, the reduced uncertainty can be useful in providing further guidance for 

the site-characterization effort.  

" The effects of disturbing conditions such as volcanism, tectonism, and human 

intrusion on nominal flow conditions should be investigated.  

" The general thermal effects caused by repository heating should be investi

gated to better understand potential changes in hydrologic properties (such as 

permeability), geochemistry, and mechanical properties of the affected host 

rock.  

11.2 Parameters 

11.2.1 Data set 

" We need to continue to develop alternative interpretations of the Yucca 

Mountain geohydrologic stratigraphy. Various interpretations of the stratig
raphy have included large differences in conductivity between adjacent lay

ers-e.g., the COVE-2A study (Dykhuizen and Barnard, 1992) and the PACE

90 study (Barnard and Dockery, 1991)--or detailed stratigraphy-e.g., the 
PACE-90 study-or simple stratigraphies-e.g., the HYDROCOIN study 
(Prindle and Hopkins, 1990) and this TSPA. Each of these has produced dif

ferent results. Other possibilities include anisotropy or heterogeneity within 

layers.  

" A formal sensitivity study is needed to identify the parameters that are the 

most important. From the work that has been done so far, certain parameters 

appear to be important, including container lifetime, gas source terms, fuel
matrix-alteration rate, solubility, the fraction of the waste interacting with the 

water, percolation rate, matrix/fracture coupling, hydraulic conductivity, 

porosity, and saturated-zone velocity. A formal sensitivity study can quantify 
the importance of these parameters, help define what tests might give these 
data, and help to guide the gathering of those relevant data during site 

characterization.
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" We should refine further the elicitation techniques employed to develop the 
data set. Elicitations of expert opinion about PDFs were regarded favorably 
by both the experts and the users of the data. The combination of rapid feed
back using our software with more formal elicitation techniques could make 
the process more effective.  

" Parameter distributions should be refined as additional information becomes 
available. One of the most important parameters, the water percolation flux, is 
poorly defined; a study of current estimates of percolation and possibilities for 
future values is needed.  

"* Correlations among parameters must be analyzed. The little that has been 
done in this area (Wilson, 1991) has failed to find any correlations that led to 
significant changes in the CCDFs, but there could potentially be important 
correlation effects.  

" Hydrogeologic and geochemical parameter values for the saturated zone are 
needed. For this study, most of the emphasis was put on parameter values for 
the unsaturated zone, while the saturated-zone parameters were developed 
less thoroughly.  

" The effects of scale on the model parameters need to be quantified. The infor
mation available on hydrologic parameters typically comes from laboratory 
measurements on core samples (a scale of a few centimeters). It is known that 
quantities measured on a small scale are not appropriate for use in large-scale 
calculations (the calculations in this study have horizontal scales of kilometers 
and vertical scales of hundreds of meters) without applying some sort of scal
ing transformation. The appropriate scaling transformation is not known.  

" The effects of heterogeneity among the characteristics of the stratigraphic units 
needs to be investigated both by modeling and by collecting data.  

" The validity of the one-dimensional modeling needs to be investigated more 
thoroughly by additional comparisons with detailed modeling. Such studies 
may suggest improvements in the one-dimensional modeling, making it better 
able to represent the results of calculations with multidimensional models.
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11.2.2 Source-term

" More accurate, correlated, and defensible parameter distributions are needed.  

Many of the parameters that were treated as constants in this analysis should 

be expanded into probability distributions to reflect the uncertainties and 

variabilities. All distributions should be reexamined, but the required level of 

accuracy and the justification for each variable could be guided by a sensitivity 

study. The calculations could be made more realistic if the parameter distribu

tions (especially the container lifetime) were contingent upon the container 

environment (for example, "moist" containers could take longer to fail than 
"wet" ones).  

" Some aqueous-transport analyses should be performed that include all signifi

cant radionuclides (listed in Table 6-4), to be sure that the most important ones 

have been included. Additional source submodels are needed for those nu

clides that are present in the cladding and the fuel-assembly hardware 

(Wilson, 1991).  

" The waste container and the fuel-rod cladding should be included in a more 

realistic manner as barriers to transport. For example, diffusion would proba

bly not take place across the whole container surface. The effective diffusion 

surface area could be reduced to account for this, or diffusion through cracks 

and holes in the container could be modeled as an additional diffusive barrier 

(apart from the barrier presented by the rubble-filled air gap in the present 

model). A model of this sort has already been developed by Ueng and 

O'Connell (1991).  

" Submodels are needed for additional release modes; for example, a glass

waste submodel is needed. The submodels already included should be ex

tended to include additional processes; for example, a "bathtub" release mode 

could be included (see, e.g., O'Connell, 1990, and Apted et al., 1990).  

" The validity of the alteration-limited-release model needs to be verified. This 

model predicts very high release rates for the soluble elements (at least, it does 

with the parameter values used in this study). The experimental evidence for 

the alteration effect is ambiguous and could possibly be explained by leaching 

of the gap/grain-boundary inventory. If the model is found to be valid, a bet-
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ter quantification of the effects of temperature and moisture on the alteration 

rate is needed.  

11.2.3 Geochemistry 

" Parameter distributions should be refined as additional information becomes 

available. The applicability of the "minimum Kd" approach in different sce

narios should be examined. For example, were calculations desired for a pe
riod longer than 10,000 years, the exact value of Kd can possibly be more im

portant.  

" Retardation information is needed for all significant radionuclides (Table 6-4), 

to be sure that the most important ones are included. Currently, there is little 

sorption information for some elements with significant inventories (e.g., 

nickel and zirconium). Little information may be needed if the solubility is 

known to be low enough to prevent significant source releases, so there is a 

correlation between sorption data needs and solubility data needs.  

" Retardation for transport in fractures should be included if it can be shown to 

be significant. The enhanced weeps model, discussed below, could test the 

significance of this issue.  

" The effects of colloids-especially of plutonium and americium-must be 

studied. This requires a source model for formation of colloids and a model 

for transport of colloids. Because of the large inventory of these elements, 

even a small fraction that could be transported rapidly because of colloid for

mation could be important.  

"* It may be useful to investigate methods for modeling radionuclide transport in 

addition to the use of Kd values.  

11.3 Aqueous flow and transport 

11.3.1 Unsaturated flow and transport 

Correlations between the 1-D columns in the composite-porosity calculation 

should be included. More generally, the effects of spatial correlations need to 

be studied, using geostatistical techniques.
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" Refinement of the weeps model may be useful. The parameter distributions 

need to be better defined, and some elements of the model (such as the absorp

tion factor) could be quantified using submodels rather than merely sampling 

from a random distribution. For example, the TSPA weeps model assumes 

that flow remains in the same fractures or set of fractures. This assumption 

should be investigated.  

" A study of climate change and its effects on percolation flux is needed to de

termine whether climate change needs to be incorporated directly into the 

flow models or whether it can be treated adequately by varying the percola

tion-rate parameter in steady-state calculations, as was done for this study.  

" Effects of repository heating on groundwater flow and transport must be in

vestigated. These effects include both redistribution of water during the hot

repository stage and changes in flow and transport parameters (such as frac

ture and matrix hydraulic conductivity and retardation with temperature).  

"* Conceptual models which are used as 1-D simulations in the TSPA should be 

verified with the more complex codes.  

11.3.2 Saturated flow and transport 

" Coupling of the unsaturated zone and saturated zone can be improved. For 

example, the composite-porosity columns presently release radionuclides into 

a generic saturated-zone flow tube; specific saturated-zone flow tubes could be 

made for each composite-porosity column.  

" A better accounting for the uncertainty in saturated-zone travel time (or veloc

ity) is needed. The calculations done for this TSPA used only a single realiza

tion of the saturated zone, taken from Czarnecki's regional model. Variations 

in that model are possible and should be investigated. Furthermore, 

Czarnecki's model may not be appropriate at all, because it does not actually 

model the tuff aquifer near Yucca Mountain: the model is a composite of the 

tuff and carbonate aquifers. A more detailed model for the saturated zone has 

been proposed by Fridrich et al. (1991) that suggests the possibility of very 

long travel times through the tuff aquifer. This three-dimensional model of 

saturated-zone flow should be investigated to elucidate further the interac

tions between the aquifers and to supply parameters to abstracted models.
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" Effects of matrix/fracture coupling in the saturated zone must be investigated.  

If flow in the tuff aquifer is primarily in a few fracture zones, there may not be 

time for the matrix and fracture concentrations to equilibrate before the acces

sible environment is reached. Fracture-water travel times have been estimated 

to be about 100 to 200 years (DOE, 1986; DOE, 1988), so if the radionuclides 

were to be transported in fractures with little matrix interaction, the saturated 

zone could be a negligible barrier to releases of radioactivity to the accessible 

environment. (Note, however, that Figures 4-36 and 4-41 imply that with the 

conservative assumptions made in this study the saturated zone was not much 

of a barrier to releases.) 

" Effects on saturated-zone flow due to seismic, tectonic, and volcanic activity 

should be investigated. The direction and magnitude of regional groundwater 

flow could change significantly because of such events. These events are 

likely to be of low probability, but the probability has not been quantified.  

Changes in the saturated zone are unlikely to affect releases to the accessible 

environment unless the water-table level were to rise significantly beneath the 

repository (in worst case, actually inundating the repository). This possibility 

is considered to be of low probability (Dudley et al., 1989; Carrigan et al., 

1991), but there is some controversy (Szymanski, 1987).  

11.4 Gaseous flow and transport 

" The aqueous and gaseous releases should be calculated together, to avoid the 

inaccuracy of combining the releases without the proper correlations.  

" A better characterization of the gas permeability throughout the unsaturated 

zone at Yucca Mountain is needed.  

" Variations on the permeability contrast between welded and nonwelded tuff 

should be sampled, so that the uncertainty in that parameter is included.  

" Travel-time distributions at additional temperatures should be calculated, so 

that the "stair steps" in the repository-temperature curve stay closer to the real 

curve.  

"° Better characterization of the 14C inventory, its prompt fraction, and its release 

rate is needed.
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" Travel-time distributions should be calculated with a model that couples gas 

flow and thermal effects so that the cooling during transport can be taken into 

account. Benjamin Ross and his coworkers have begun developing such a 

coupled model (Amter et al., 1991). The coupled model would also eliminate 

the problem of associating an incompatible repository-temperature history 

with the 14C travel-time distributions.  

"* Additional work on carbon geochemistry is needed, especially on interactions 

with the rock.  

11.5 Human intrusion 

" Further effort should be made to determine the likelihood that commercially 

attractive natural resources are present at the site. The presence of attractive 

natural resources would imply that extensive drilling might occur. Since re

leases were most strongly influenced by the number of holes drilled, resource 

exploration could increase the likelihood of releases. On the other hand, if no 

attractive resources are present, the probability that drilling might occur 

should decrease, thus reducing the importance of human intrusion in the 

overall CCDF.  

"* The human-intrusion event tree should be completed to see if there are any 

scenarios other than drilling that would be of concern.  

11.6 Basaltic igneous activity 

" The complete event tree for igneous events must be reviewed. Although this 

analysis showed that direct interactions between an intrusive dike and the 

repository produce releases below EPA limits, some indirect effects, such as an 

alteration of the regional groundwater-flow field, could have greater conse

quences.  

" Interactions between magma and waste other than mechanical should be con

sidered. Although direct mechanical transport to the surface appears intu

itively to have the potential for highest releases, interactions of hostile mag

matic volatiles with the waste may also be important. We have not considered 

the effects of a sill emplaced in the repository horizon. Neither of these two 

possible scenarios leads to direct release at the surface. However, they could
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result in a large number of waste packages being affected underground. This 

could alter the radionuclide source for aqueous-transport processes.  

"Further work should be done to estimate probabilities for igneous activity.  

Recent work (Valentine et al., 1992) indicates that the probability of occurrence 

may be increased. In the current interpretation of basaltic igneous activity 

originating beneath Yucca Mountain, the constraints of the overburden pres

sure require that any dike injected into rock at the repository horizon continue 

on to the surface. Field work in surrounding areas indicates that this assump

tion may not be true and that there may be a number of dikes present in the 

tuffs underlying Yucca Mountain that are not exposed at the surface. Thus, 

the numbers derived for the probability of occurrence, which to date have 

been based on evidence afforded by visible extrusive structures, may change 

dramatically.  

" The interaction depth for wall-rock erosion should be investigated. Although 

the estimation of interaction volume used in the TSPA probably overestimated 

the amount of waste available to be entrained, a more accurate estimate of the 

volume would reduce this uncertainty.  

" Another way to reduce the uncertainty concerning the amount of waste me

chanically carried to the surface would be to obtain a better understanding of 

the depth at which vesiculation occurs. If the depth is as shallow as current 

field observations indicate (Crowe et al., 1983; Valentine et al, 1992), entrain

ment of any foreign material from depths as great as that of the potential 

repository could be essentially zero.  

11.7 Conclusions 
Resolution of the items listed above would greatly improve future total-sys

tem performance assessments. Many open issues would be addressed, and subse

quent analyses would be enhanced by new models and data. To address the most 

important items with the rigor commensurate with their potential importance will 

require a significant effort. To make useful progress on these items, the next cycle 

of total-system performance assessment analyses will probably need to last 18 to 24 

months.
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Sandia National Laboratories
date: February 20, 1991 Albuquerque, New Mexico 87185 

to: R.W. Barnard (6313) and H.A. Dockery (6312) 

from: D.P. Gallegos ( 416) 

subjecLt Probability of Intersecting a Waste Package Based on Geometric Considerations 
(Calculations conducted in support of site suitability evaluation) 

Introduction 
An estimate of the probability of hitting a waste package given certain geometric 
constraints and assumptions has been derived. These human intrusion scenario 
calculations are based on and are limited to exploratory borehole drilling at the site.  
In the calculations presented here, the number of boreholes drilled is assumed to be 
the maximum that will occur at the Yucca Mountain site over 10,000 years. Both 
vertical and horizontal emplacement of waste packages has been considered. In an 
alternative calculation presented here, the number of boreholes drilled is assumed 
to be the mean number drilled over 10,000 years, and the frequency of drilling is 
assumed to follow a Poisson distribution. For both cases, the frequency of hitting a 
waste canister during the drilling process is assumed to follow a binomial distribution.  
From the binomial distribution, the chances of a given number of hits can be derived.  
The probability of hitting a waste canister is based on the normal fractional area of 
the repository covered by waste packages, as seen by a vertical borehole. In doing 
the calculations, a number of assumptions must be made regarding waste package 
emplacement, drilling techniques and frequency, and general repository 
characteristics. Although these assumptions have been identified, because of the 
nature of the problem, justification cannot be provided for all of them. In a second 
alternative calculation, the work conducted by Bob Wilems of Rogers and Associates 
Engineering is summarized.  

Discussion of Assumptions 
The waste canisters in the repository are assumed to be emplaced either vertically 
or horizontally. The orientation of any borehole that will be drilled at or near the 
repository area as part of this human intrusion scenario calculation is assumed to be 
vertical. Diagonal boreholes entering the underground facility that originate from 
outside the repository land surface area have not been considered. In the current 
repository design, the repository follows the dip of the geologic units. The dip of the 
units is approximately 6 degrees. If the waste packages are emplaced perpendicular 
to the drift floor, then they will be at about a 6 degree tilt from vertical. This would 
increase the normal waste package area as viewed from the surface looking vertically
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downward. However, this slight tilt has not been considered in the calculations 
because the packages are expected to be emplaced vertically. These assumptions 
result in an effective waste package area equal to the cross sectional area of the 
waste canisters. Therefore, the calculations essentially consider only the two
dimensional x-y plane. Therefore, for vertically emplaced canisters, the length of the 
waste packages does not play a role. Under horizontal emplacement however, the 
length of the waste packages becomes important. Spacing of waste packages in both 
cases is expected to be such (5 m between centers [DOE, 1988]) that a single vertical 
borehole would not intersect two waste canisters simultaneously.  

The calculations included herein assume that 20th century rotary drilling technology 
will continue to be used over the regulatory period (10,000 years), or at least the 
results of the drilling activity are similar to results from 20th century drilling 
techniques (i.e., drilling will result in a cylindrical borehole).  

As shown in Figure 1, the topography above the repository is quite variable. As a 
result, some areas on the land surface may provide better locations for drilling 
machinery than others. If these preferential locations coincided with the 
underground repository configuration and geometry, then the chances of hitting a 
waste canister would change accordingly. For instance, if a plateau feature on the 
surface was chosen as a preferential drill site and this plateau was located directly 
over an emplacement drift, then the probability of hitting a waste canister would 
correspondingly increase. However, for these calculations, drilling technology is 
assumed to be such that the location of a drill rig on the surface can be randomly 
chosen. Therefore, the configuration of the underground facility will not play a role 
in determining the probability of hitting a waste package.  

Perhaps the most uncertain parameter to consider is the number of boreholes that 
will be drilled over the repository area over 10,000 years. The Environmental 
Protection Agency (EPA) in 40 CFR Part 191, Appendix C [EPA, 1985] has provided 
guidelines for the maximum numbers of boreholes for repositories in the proximity 
of both sedimentary and non-sedimentary geologic formations. For sedimentary rock, 
the EPA guideline specifies that the maximum number of boreholes per square 
kilometer per 10,000 years is 30. For repositories not in the proximity of sedimentary 
rock, the EPA arbitrarily assumed the drilling rate to be one-tenth (3 
boreholes/km2/10,000 yrs) the rate given for drilling near sedimentary rock. These 
estimates come from the work conducted by Little [1980] for the EPA, and are based 
on oil and gas exploration. Apostolakis et al. [1991] give estimates of drilling rates 
ranging from a single borehole per square kilometer per 10,000 years to thousands 
of boreholes per square kilometer per 10,000 years. Most of the estimates are, 
however, less than fifty boreholes/km2/10,000 years. Their estimates draw from a 
number of studies and are based oil and gas, water, and gold exploration. Even 
though it does not have a solid foundation, we will assume, for the time being that 
the EPA estimate for drilling near non-sedimentary rock is a reasonable estimate for 
the drilling rate at Yucca Mountain, and this number will be used in the calculations 
that follow. Based on current drilling rates for oil and gas in igneous rock 
[Apostolakis et al., 1991], this is probably not a bad estimate. Perhaps the working
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group tasked with conducting resource evaluations of Yucca Mountain can provide 
better guidance as to the potential number of boreholes that will be drilled.  

The locations of the boreholes are assumed to occur randomly with the location of 
each new borehole being independent of all others- that precede it. This precludes 
the use of so-called "wildcat" or "Great Basin" style of drilling for resource 
exploration. In this style of drilling, once a valuable resource has been detected in 
an exploratory drill hole, several (perhaps hundreds) of additional exploratory 
boreholes are drilled in the vicinity of the initial hole. Conversely, this assumption 
also implies that if a borehole hits a waste package, the knowledge of such an event 
is not passed on to the next drilling activity.  

Data and Calculations 
The calculations performed to estimate the probability of hitting a waste package 
given the above assumptions, and the data contained therein, are presented in this 
section.  

The repository area has been calculated by Rautman et al. [1987] to be 5.61 x 106 M2 .  

This is consistent with the area estimated in the Yucca Mountain Site 
Characterization Plan (SCP) [DOE, 1988] of 5.75 x 106 M2 ± 8.5 x 105 m2, which is 
based on an allowable areal power density of 57 kW/acre [DOE, 1988]. The total 
amount of waste expected to be received by the facility is 70,000 MTHM [DOE, 
1988]. This consists of 62,000 MTHM of spent fuel and 8,000 MTHM of West 
Valley and defense high-level wastes (HLW). Both the reference spent fuel and the 
HLW waste canisters have a diameter of 0.66 m [DOE, 1988]. The alternative spent 
fuel canister has a diameter of 0.71 m [DOE, 1988]. The length of both the 
reference and alternative spent fuel canisters is 4.76 m, and the length of the West 
Valley and defense HLW package is 3.28 m. However, only a canister with 
dimensions of the reference canister is considered in the calculations presented here.  
The average quantity of waste per canister has been given by the PACE90 Working 
Group 2 to be 2.1 MTHM. 1 Therefore, the total number of waste packages is 
calculated to be 33,333 (70,000 MTHM/ 2.1 MTHM).  

Using the guidance provided by the EPA [1985] in 40 CFR 191, Appendix C, the 
number of exploratory boreholes is taken to be 3 boreholes/km2/10,000 yrs. The 
diameter of an exploratory borehole at repository level is conservatively assumed to 
be 0.61 m, based on discussions with exploratory drilling experts. The expected 
number of boreholes over 10,000 years will be the number of boreholes per square
kilometer multiplied by the repository area. This will be approximately equal to 17 
boreholes/10,000 yrs (that is, 5.61 km2 x 3 bh/km2/10,000 yrs = 17 boreholes/10,000 
yrs). In the calculation presented below, 17 boreholes/10,000 yrs will be assumed to 
be the maximum number of boreholes. In a subsequent, alternative calculation, it 
will be assumed to be the mean number of boreholes.  

'Working Group 2, 1990. PACE90 Working Group 2 Final Report.
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For these calculations, the area of a waste package is not simply the normal cross 
sectional area of the waste canister, but must also include the cross sectional area of 
the drill hole. That is, for a given distance away from a waste canister, a larger drill 
hole has a greater chance of hitting the waste canister than a smaller drill hole.  
Therefore, the "enhanced" area of a single, vertically emplaced canister can be 
expressed as: 

Enhanced Area of Canister = 7r (r, + rbh) (1) 

where r is radius. The subscripts wp and bh represent waste package and borehole 
respectively. For a single horizontally emplaced canister, the enhanced area is given 
as: 

Enhanced Area of Canister = (Dwp + Dbh) "(Lwp + Dbh) (2) 

where D is diameter and L is length.  

The probability of hitting a waste canister given a single drilling event is directly 
proportional to the fractional area of the repository area covered by waste canisters.  
To repeat, the area of the repository and the waste canisters is the area as viewed 
from the land surface looking vertically downward (i.e., cross-sectional area). The 
areal-based probability of a hit given a single drilling event, and for vertically 
emplaced waste packages, is then given by: 

enhanced area of all canisters 
area of repository 

N WP [ 7r (r,p +rbh) 2 ] 

area of repository (3) 

33,333 [7r (0.33 + 0.305)2] 

5.61x10
6 

- 0.0075 

Similarly, the probability of a hit given a single drilling event, and for horizontally 
emplaced waste packages is given by: 

= enhanced area of all canisters 
area of repository 

NWp [(Dwp + Dbh) "(LWp + Dbh)] 

area of repository (4) 
33,333 [(0.66 + 0.61)x (4.6 + 0.61] 

5.6 1x 106 
= 0.0393 

The length of the waste package used in the Equation 4 calculation is a weighted 
average based on the number of spent fuel and HLW packages.
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A rough guess at the probability of hitting a canister over 10,000 years can be 
calculated by simply multiplying Ph,t times the expected number of boreholes over 
10,000 years. Assuming a maximum of 17 boreholes are drilled and vertical waste 
package emplacement, this results in a probability of hitting a waste package of 0.128 
(12.8% chance of one hit in 10,000 years). However, the frequency of hitting a waste 
canister during the drilling process can be assumed to follow a binomial distribution, 
in which the probability of a hit given a single drilling event is given by Equation 2.  
A binomial distribution is chosen because it describes "yes-or-no" (or in this case, 
"hit-or-miss") type behavior. The resulting probability distribution of hits for 
vertically emplaced waste packages is given in Table 1: 

Table 1. Probability Distribution of Hits for 17 Drilling Events 
and Vertically Emplaced Waste Packages 

Number of Hits/Total Probability Cumulative Probability 
Number of Drilling 

Events 

0 0.880 0.880 

1 0.113 0.993 

2 0.683 x 10-2 0.9997 

3 0.258 x 10-3  0.999993 

There is an 88% chance that no waste canisters will be hit over 10,000 years with 17 
drilling events. There is an 11.3% chance that 1 waste canister will be hit during that 
period. The probability of 1 or less hits is accordingly 99.3%. Although the binomial 
distribution calculation results in a similar estimate for a single hit as the simple 
calculation of multiplying the probability of a hit given a single drilling event by the 
number of events, the binomial distribution provides additional information about the 
possibility of more than one hit. The probability of multiple hits drops off rapidly 
after 1 hit because of the small probability of a hit given a single drilling event.  
There is less than a 1% chance that 2 waste packages will be hit. The probability of 
hits beyond 3 is included in the attachments to this memo.  

The resulting probability distribution for hits, given horizontally emplaced waste 
packages is given in Table 2:
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Table 2. Probability Distribution of Hits for 17 Drilling Events 
and Horizontally Emplaced Waste Packages

Number of Hits/Total Probability Cumulative Probability 
Number of Drilling 

Events 

0 0.506 0.506 

1 0.352 0.858 

2 0.115 0.973 

3 0.235 x 10.1 0.996 

4 0.337 x 10-2 0.9996 

5 0.359 x 10-3 0.99997 

The probability of hits is markedly greater for the horizontal emplacement case, 
because of the increase in the cross-sectional area of the waste packages under this 
configuration. The probability of hits beyond 5 for the horizontal emplacement case 
is included in the attachments to this memo.  

Note that because of the way the waste canister area was calculated, "hit" does not 
necessarily imply a direct hit. Rather, a hit is such that the waste canister is at the 
least, touched by the drill bit.  

Alternative Calculation 1 
The above calculation has assumed that the specified number of boreholes is the 
maximum that would occur. However, it is fair to assume that some uncertainty is 
associated with this maximum. In this alternative calculation, the 17 boreholes is 
assumed to be the mean number of boreholes drilled and the frequency of drilling 
at the site is assumed to follow a Poisson distribution. Given these assumptions, the 
cumulative probability function of the Poisson distribution indicates that there is a 
99.9% chance that 31 or fewer boreholes will be drilled inside the repository area 
over 10,000 years. There is a 99.99% chance that 34 or fewer will be drilled in that 
time. As discussed above, the frequency of hits is still assumed to follow a binomial 
distribution. Therefore, the probability of n hits, for N boreholes, is given by: 

P(n hits) = E P(N) 'P(n IN) (5) 
N=n 

where P(N) is described by the Poisson distribution for the number of boreholes, 
given a mean number of boreholes, 4, of 17. P(n IN) is described by a binomial 
distribution for the number of hits given N boreholes. Equation 5 can be further 
written as:
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P(n hits) =Ue- N! 1 
h N=n N! (N-n)! n! ( ip)N-f (6)

This can be simplified and written as

P(n hits) = -____hi. e 
n !

(7)

Therefore, the number of hits in this case is also Poisson, with the expected number 
of hits given by g.Pmt. The corresponding probability distribution of hits for this case, 
with a mean of 17 drilling events and vertically emplaced waste packages is 
summarized in Table 3.  

Table 3. Probability Distribution of Hits for a Mean Number of Hits Equal to 17 
and Vertically Emplaced Waste Packages 

Number of Hits/Total Probability Cumulative Probability 
Number of Drilling 

Events 
I 

0 0.880 0.880 

1 0.112 0.993 

2 0.716 x 102 0.9997 

3 0.304 x i0 3  0.999990 

Note that the probabilities of n hits for this case are very similar to those for the 
initial calculations. For horizontally emplaced waste packages, the probability 
distribution of hits is given in Table 4.
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Table 4. Probability Distribution of Hits for a Mean Number of Hits Equal to 17 
and Horizontally Emplaced Waste Packages 

Number of Hits/Total Probability Cumulative Probability 
Number of Drilling 

Events 

0 0.513 0.513 

1 0.343 0.855 

2 0.114 0.970 

3 0.255 x 10-1 0.995 

4 0.426 x 10-2 0.9994 

5 0.569 x 10-3 0.99993

Again note that the probabilities 
the initial calculations.

of n hits for this case are very similar to those for

As a further alternative to these calculations, one could perhaps assume, 
conservatively, that 31 is the maximum number of boreholes drilled (based on the 
Poisson distribution with mean of 17) and subsequently calculate the probability of 
a hit using 31 as the number of observations for the binomial distribution. The 
probability of a hit given a single drilling event would remain constant.  

Alternative Calculation 2
R. Wilems [1990]2 conducted similar calculations to the initial ones presented above.  
The primary difference between Wilems calculations and those presented above was 
in the calculation of the cross sectional area of waste packages in the repository. The 
difference arose from different numbers and types of waste packages considered.  
The probabilities of hitting a waste package have been recalculated using the 
Wilems' waste package cross-sectional areas and the repository area in Rautman et 
al. [1987]. The results are presented below.  

2 Memo from Bob Wilems (Rogers and Associates Engineering Corporation) to PA 

"-_' Working Group 2 on the subject of Probability of Borehole Intersection of Waste Packages, 
dated April 19, 1990 (amended May 3, 1990).
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Table 5. Probability Distribution of Hits for 17 Drilling Events 
and Vertically Emplaced Waste Packages 

(Waste Package Area taken from Wilems [1990])

Number of Hits/Total Probability Cumulative Probability 
Number of Drilling 

Events 

0 0.917 0.917 

1 0.799 x 10-1 0.997 

2 0.328 x 10-2 0.99991 

3 0.840 x 10.4 0.999998 

Table 6. Probability Distribution of Hits for 17 Drilling Events 
and Horizontally Emplaced Waste Packages 

(Waste Package Area taken from Wilems [1990]) 

Number of Hits/Total Probability Cumulative Probability 
Number of Drilling 

Events 

0 0.571 0.571 

1 0.325 0.896 

2 0.871 x 10-1 0.984 

3 0.146 x 10"' 0.998 

4 0.171 x 10-2 0.9998 

5 0.149 x 10-3 0.99999

Wilems also conducted the same calculations for 
package. These results are presented below.

the alternative spent fuel waste

1-10



Table 7. Probability Distribution of Hits for 17 Drilling Events 
and Horizontally Emplaced Waste Packages 

(Waste Package Area taken from Wilems [1990] 
using Alternative Spent Fuel Package)

Number of Hits/Total I Probability ICumulative Probability 
Number of Drilling 

Events 

0 0.947 0.947 

1 0.517 x 10-1 0.953 

2 0.133 x 10-2 0.99997 

3 0.213 x 10-4 0.9999998 

Table 8. Probability Distribution of Hits for 17 Drilling Events 
and Horizontally Emplaced Waste Packages 

(Waste Package Area taken from Wilems [1990] 
using Alternative Spent Fuel Package) 

Number of Hits/Total Probability Cumulative Probability 
Number of Drilling 

Events 

0 0.702 0.702 

1 0.251 0.953 

2 0.422 x 10-1 0.995 

3 0.444 x 10-2 0.9996 

4 0.327 x 10.' 0.99998 

Data used by Wilems [1990] are attached to this memo. Note that the results in the 
attachment will not agree exactly with those presented above because Wilems used 
a repository area of 5.75 x 106 M2 .
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Summary 
Calculations have been conducted to estimate the probability of hitting a waste 
canister at the Yucca Mountain site, based on geometric considerations, site 
characteristics, and other assumptions with regard to drilling techniques and 
frequency. Obviously, these calculations are only meaningful if the assumptions 
made are reasonable. Those assumptions that will need further investigation include 
(1) the estimated frequency of drilling at the site over 10,000 years, (2) the 
techniques used for drilling over that time period, (3) waste emplacement 
configurations including the number and type of waste packages, and (4) preferential 
drilling locations and their coincidence with the underground repository 
configuration.  

Provided in this memo is a simple procedure that can be followed to calculate the 
probability of hitting a waste package during a drilling operation at a given repository 
over 10,000 years. The procedure requires knowledge of the repository 
characteristics, drilling characteristics, and information about frequency and location 
of drilling. The calculations presented in this memo are supported by limited 
information, and should therefore be interpreted with that in mind.  
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nter total number of observations: 17

Enter probability of affirmative event (Op4c1): 0.0075
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Probability 

0.879870510801553 

0.113031227641710 

0.683312207405805D-002 

0.258178404574787D-003 

0.682839593035564D-005 

0.134159920042252D-006 

0.2027605844467280-008 

0.240773633923787D-010 

0.2274310144116370-012 

0. 171862227515091D-014 

0.10389656071"130-016 

0.499617076941302D-019 

0.188772195317872D-021 

0.5486500542081160-024 

0.1184562937237250-026 

0. 179027152017518D-029 

0.169106251905716D-032 
0.7516946818213900-036

E:\MATH\DPGMATH> 

Enter total number of observations: 17 

F--.. probability of affirmative event (0Op<1): 0.0393

Probability 

0.505815859160861 

0.351759743382744 

0.115117376204366 

0.235459180099962D-001 

0.3371230296856660-002 

0.358563871898421D-003 

0.2933602615927540-004 

0.1885821961464820-005 

0.964307316092009D-007 

0.394475669016508D-008 

0.129096648629947D-009 

0.3360663913443650-011 

0.687384676789505D-013 

0.1081511790194150-014 

0.126406085899044D-016 

0. 103419577259875D-018 

0.5288317615167450-021 

0. 127254560797685D-023

Cumulative probability 

0.505815859160861 

0.857575602543605 

0.972692978747972 

0.996238896757968 

0.999610127054825 
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1.00000001328286 

1.00000001328286 

1.00000001328286 

1.00000001328286 

1.00000001328286 

1.00000001328286
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E:\MATH\DPGMATH>
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:\MATH\DPGMATH>up poisson 

-opyright (c) 1990 Ergo Computing (OS 2.1.04; CP 5.33) 

Enter mean: 0.1275 

Enter maximum value: 13

Number ProbabiLity 

0 0.880293415834221 

1 0.112237410518863 

2 0.7155134920577530-002 

3 0.304093234124545D-003 

4 0.969297183771987D-005 

5 0.247170781861857D-006 

6 0.5252379114564460-008 
7 0.9566833387242400-010 

8 0.1524714071091760-011 

9 0.216001160071332D-013 

10 0.2754014790909490-015 

11 0.3192153507645090-017 

12 0.339166310187291D-019 

13 0.332643881145227D-021

CuL=. prob.  
0.880293415834221 
0.992530826353084 
0.999685961273662 
0.999990054507786 
0. 999 747479624 
0.999999994650406 
0.999999999902785 
0.999999999998453 
0.999999999999978 

1.00000000000000 
1.00000000000000 
1.00000000000000 

1.00000000000000 

1.00000000000000

E:\MATH\DPGMATH> 

E:\MATH\DPGMATH>up poisson 

Copyright (c) 1990 Ergo Coacuting (as 2.1.04; CP 5.33) 

Enter mean: 0.6681 

Enter maximum value: 13

Number Probability 

0 0.512681748303566 

1 0.342522676041612 

2 0.114419699931701 

3 0.254812671747897D-001 

4 0.4256008649869260-002 

5 0.5686878757955300-003 

6 0.6332339496983230-004 

7 0.604376573990642D-005 

8 0. 504729986353935D- 006 

9 0.3746T778932034040-007 
10 0.250322300491940-008 

11 0.1520366626637330-009 

12 0.846464119380336D-011 

13 0.435017444736925D-012

Cumul. prob.  

0.512681748303566 
0.855204424345178 
0.969624124276879 
0.995105391451669 
0.999361400101538 
0.999930087977334 
0.999993411372303 
0.999999455138043 
0.999999959868030 
0.999999997335819 
0.999999999839042 
0.999999999991079 
0.999999999999543 
0.999999999999978

E:\MATH\DPGMATH>
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CASE 1. SCEARIO WITH SCP ALTERNATE SF PACKAGES AND DHLW PACKAGES 

ALT. SF DHLW TOTAL 
PACKAGE PACKAGE REPOS 

AREA OF REPOSITORY (SQ KQM) 5.75 5.75 5.75 
# OF PACKAGES IN REPOSITORY 30000 14000 
# OF BOREHOLES/SQ KM OVER 10,000 YEARS 3.00 3.00 3.00 
* OF BOREHOLES IN AREA - 10,000 YEARS 17.00 17.00 17.00 
BOREHOLE DIAMETER (M) 0.22 0.22 

WASTE PACKAGE LENGTH (M) 4.76 3.28 
WASTE PACKAGE WIDTH OR DIAMETER (M) 0.71 0.66 
WASTE PACKAGE RADIUS (M) 0.36 0.33 

HORIZ. WASTE PKG-BOREHOLE AREA (SQ M) 4.63 3.08 7.70 
TOTAL AREA - HORIZ PKGS-BOREHOLES (SQ KM) 0.1388 0.0431 0.1819 

PROB. OF HIT - HORIZONTAL PACKAGE 0.0241 0.0075 0.0316 
PROB. OF MISS - HORIZONTAL PACKAGE 0.9759 0.9925 0.9684 
PROB. OF 1 OR MORE HITS - HORIZ. PACKAGES 0.3400 0.1200 0.4210 

PROB. OF NO HITS - HORIZ. PACKAGES 0.6600 0.8800 0.5790 
PROB. OF 1 AND ONLY 1 HIT - HORIZ. PKGS. 0.2776 0.1129 0.3215 
PROB. OF 2 AND ONLY 2 HITS - HORIZ. PKGS. 0.0550 0.0068 0.0840 
PROB. OF 3 AND ONLY 3 HITS - HORIZ. PKGS. 0.0068 0.0003 0.0137 
PROB. OF 4 AND ONLY 4 HITS - HORIZ. PKGS. 0.0006 <0.0001 0.0016 
PROB. OF 5 AND ONLY 5 HITS - HORIZ. PKGS. <0.0001 <0.0001 0.0001 
PROB. OF 6 OR MORE HITS - HORIZ. PACKAGES <0.0001 <0.0001 <0.0001 

VERT. WASTE PKG-BOREHOLE AREA (SQ M) 0.68 0.61 1.28 
TOTAL AREA - VERT. PKGS-BOREHOLES (SQ K0M) 0.0203 0.0085 0.0288 

PROB. OF HIT " VERTICAL PACKAGE 0.0035 0.0015 0.0050 
PROB. OF MISS - VERTICAL PACKAGE 0.9965 0.9985 0.9950 
PROB. OF 1 OR MORE HITS - VERT. PACKAGES 0.0585 0.0248 0.0819 

PROB. OF NO HITS - VERT. PACKAGES 0.9415 0.9752 0.9181 
PROB. OF I AND ONLY I HIT " VERT. PKGS. 0.0568 0.0245 0.0787 
PROB. OF 2 AND ONLY 2 HITS M VERT. PKGS. 0.0016 0.0003 0.0032 
PROB. OF 3 AND ONLY 3 HITS M VERT. PKGS. 0.0001 <0.0001 0.0003 
PROB. OF 4 OR MORE HITS - VERT. PACKAGES <0.0001 (0.0001 (0.0001
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CASE 1. SCENARIO WITH SCP ALTERNATE SF PACKAGES AND DHLW PACKAGES 

REFERENCES 

AREA OF REPOSITORY (SQ KM) SCP, page 6-224 
# OF PACKAGES IN REPOSITORY JARDINE NWTRB PAPER, 1/18/90 
# OF BOREHOLES/SQ KM OVER 10,000 YEARS EPA, 40 CFR PART 191 
# OF BOREHOLES IN AREA - 10,000 YEARS 
BOREHOLE DIAMETER (M) 

WASTE PACKAGE LENGTH (M) SCP, page 7-30,33 
WASTE PACKAGE WIDTH OR DIAMETER (M) SCP, page 7-30,33 
WASTE PACKAGE RADIUS (M) SCP, page 7-30,33 

HORIZ. WASTE PKG-BOREHOLE AREA (SQ M) 
TOTAL AREA - HORIZ PKGS-BOREHOLES (SO KM) 

PROB. OF HIT - HORIZONTAL PACKAGE 
PROB. OF MISS - HORIZONTAL PACKAGE 
PROB. OF 1 OR MORE HITS - HORIZ. PACKAGES 

PROB. OF NO HITS - HORIZ. PACKAGES 
PROB. OF I AND ONLY 1 HIT - HORIZ. PKGS.  
PROB. OF 2 AND ONLY 2 HITS - HORIZ. PKGS.  
PROB. OF 3 AND ONLY 3 HITS - HORIZ. PKGS.  
PROB. OF 4 AND ONLY 4 HITS - HORIZ. PKGS.  
PROB. OF 5 AND ONLY 5 HITS - HORIZ. PKGS.  
PROB. OF 6 OR MORE HITS - HORIZ. PACKAGES 

VERT. WASTE PKG-BOREHOLE AREA (SQ M) 
TOTAL AREA - VERT. PKGS-BOREHOLES (SQ KM) 

PROB. OF HIT - VERTICAL PACKAGE 
PROB. OF MISS - VERTICAL PACKAGE 
PROB. OF I OR MORE HITS - VERT. PACKAGES 

PROB. OF NO HITS - VERT. PACKAGES 
PROB. OF 1 AND ONLY 1 HIT - VERT. PKGS.  
PROB. OF 2 AND ONLY 2 HITS - VERT. PKGS.  
PROB. OF 3 AND ONLY 3 HITS - VERT. PKGS.  
PROB. OF 4 OR MORE HITS - VERT. PACKAGES
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CASE 2. SCENARIO WITH SCP REFERENCE SF PACKAGES AND DHLW PACKAGES

REF SF DHLW TOTAL 
PACKAGE PACKAGE REPOS

AREA OF REPOSITORY (SQ KM) 
# OF PACKAGES IN REPOSITORY 
# OF BOREHOLES/SQ KM OVER 10,000 YEARS 
# OF BOREI0LES IN AREA - 10,000 YEARS 
BOREHOLE DIAMETER (M)

PACKAGE LENGTH (M) 
PACKAGE WIDTH (M) 
PACKAGE RADIUS (M)

HORIZ. WASTE PKG-BOREOLE AREA (SQ M) 
TOTAL AREA - HORIZ PKGS-BOREHOLES (SQ KM)

OF 
OF 
OF 

OF 
OF 
OF 
OF 
OF 
OF

HIT - HORIZONTAL PACKAGE 
MISS - HORIZONTAL PACKAGE 
1 OR MORE HITS - HORIZ. PACKAGES

NO HITS - HORIZ.  
1 AND ONLY I HIT 
2 AND ONLY 2 HITS 
3 AND ONLY 3 HITE 
4 OR MORE HITS 
5 OR MORE HITS -

PACKAGES 
- HORIZ. PKGS.  

- HORIZ. PKGS.  
HORIZ. PKGS.  

HORIZ. PACKAGES 
HORIZ. PACKAGES

VERT. WASTE PKG-BOREHOLE AREA (SQ M) 
TOTAL AREA - VERT. PKGS-BOREHOLES (SQ KM) 

PROB. OF HIT - VERTICAL PACKAGE 
PROB. OF MISS - VERTICAL PACKAGE 
PROB. OF 1 OR MORE HITS - VERT. PACKAGES 

PROB. OF NO HITS - VERT. PACKAGES 
PROB. OF I AND ONLY 1 HIT - VERT. PKGS.  
PROB. OF 2 AND ONLY 2 HITS - VERT. PKGS.  
PROB. OF 3 AND ONLY 3 HITS - VERT. PKGS.  
PROB. OF 4 OR MORE HITS - VERT. PKGS.

5.75 
18000 
3.00 

17.00 
0.22 

4.76 
0.66 
0.33 

4.38 
0.0788 

0.0137 
0.9863 
0.2091 

0.7909 
0.1869 
0.0208 
0.0014 

(0.0001 
<0.0001 

0.61 
0.0109 

0.0019 
0.9981 
0.0318 

0.9682 
0.0313 
0.0005 

<0.0001 
<0. 0001

5.75 
12000 
3.00 

17.00 
0.22 

3.28 
0.66 
0.33 

3.08 
0.0369 

0.0064 
0.9936 
0.1037 

0.8963 
0.0984 
0.0051 
0.0002 

(0.0001 
<0.0001

5.75 

3.00 
17.00

7.45 
0.1157 

0.0201 
0.9799 
0.2922 

0.7078 
0.2471 
0.0406 
0.0042 
0.0003 

<0.0001

0.61 1.21 
0.0073 0.0182

0.0013 
0.9987 
0.0213 

0.9787 
0.0211 
0.0002 

<0.0001 
<0.0001

0.0032 
0.9968 
0.0525 

0. 9475 
0.0512 
0.0013 
0.0001 

<0.0001
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CASE 2. SCENARIO WITH SCP REFERENCE SF PACKAGES AND DHLW PACKAGES

REFERENCES

AREA OF REPOSITORY (SQ KM) 
# OF PACKAGES IN REPOSITORY 
# OF BOREHOLES/SO KM OVER 10,000 YEARS 
# OF BOREHOLES IN AREA - 10,000 YEARS 
BOREHOLE DIAMETER (M)

PACKAGE LENGTH (M) 
PACKAGE WIDTH (M) 
PACKAGE RADIUS (M)

SCP, page 6-224 

EPA, 40 CFR PART 191

SCP, 

SCP,

page 
page 
page

7-28,30,33 
7-28,30,33 
7-28,30,33

HORIZ. WASTE PKG-BOREHOLE AREA (SO M) 
TOTAL AREA - HORIZ PKGS-BOREHOLES (SQ KM)

OF 
OF 
OF 

OF 
OF 
OF 
OF 
OF 
OF

HIT - HORIZONTAL PACKAGE 
MISS - HORIZONTAL PACKAGE 
I OR MORE HITS - HORIZ. PACKAGES 

NO HITS - HORIZ. PACKAGES 
1 AND ONLY I HIT - HORIZ. PKGS.  
2 AND ONLY 2 HITS - HORIZ. PKGS.  
3 AND ONLY 3 HITS - HORIZ. PKGS.  
4 OR MORE HITS - HORIZ. PACKAGES 
5 OR MORE HITS - HORIZ. PACKAGES

VERT. WASTE PKG-BOREHOLE AREA (SQ M) 
TOTAL AREA - VERT. PKGS-BOREHOLES (SQ KM)

OF 
OF 
OF 

OF 
OF 
OF 
OF 
OF

HIT - VERTICAL PACKAGE 
MISS - VERTICAL PACKAGE 
1 OR MORE HITS - VERT. PACKAGES 

NO HITS - VERT. PACKAGES 
1 AND ONLY 1 HIT - VERT. PKGS.  
2 AND ONLY 2 HITS - VERT. PKGS.  
3 AND ONLY 3 HITS - VERT. PKGS.  
4 OR MORE HITS - VERT. PKGS.
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Appendix II 
Setup for 2-D Groundwater-Flow Analyses 

(Barnard, Eaton) 

As part of the effort to evaluate the applicability of the use of abstracted mod

els for unsaturated groundwater flow, independent calculations were made using 

the finite-element code NORIA-SP (Hopkins et al., 1991) and the finite-difference 

code LLUVIA-II (Eaton and Hopkins, 1992). These calculations used two-dimen

sional models of groundwater flow (no radionuclide transport was done) to pro

vide results from the lower part of the modeling hierarchy (Figure 2-1), to be com

pared with the TSPA results from the top of the modeling pyramid.  

11.1 Geometry and numerical grid 
A subregion of the TSPA problem domain was used for these analyses. Figure 

II-1 shows an outline of the geometry used for the NORIA-SP calculations. The 

horizontal extent of the problem domain was shortened from the one specified for 

the TSPA to 1200 m, ending between the Ghost Dance Fault and drillhole USW G-4.  

The domain extends vertically from the repository level to the water table.  

Included in the region are five fractured geologic layers and a fault. A total of 630 

eight-node, biquadratic finite elements were used with the NORIA-SP code (Figure 

11-2). The 2-D analyses were run using the mean values of the material properties 

for the matrix and fractures (developed in Chapter 3). The parameters are shown in 

Table II-1. The values listed for the fractures are consistent with an effective frac

ture aperture of 99 jtm, as discussed in Chapter 3. The NORIA calculation was run 

at 3.0 mm/yr.  

Table II-1 
Material properties for 2-D problems.  

Layer Total Ks Alpha Beta Sr Fractures 
Porosity (mi/s) (m-1) (1/m3) 

1 0.11 2.0,10-11 0.00567 1.798 0.080 28.3 

2 0.09 3.0*10-12 0.0033 1.798 0.052 35.6 

3 0.21 8.0*10-11 0.0265 2.223 0.164 2.0 

4 0.41 3.0*10-12 0.0220 1.236 0.010 1.6 

5 0.24 1.4*10-8 0.0140 2.640 0.066 4.4 

Fractures 0.43 8.25*10-5 14.5 2.68 0.045
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Figure II-i. Problem domain for 2-D NORIA-SP analysis
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Figure 11-2. NORIA-SP computational mesh
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Because of the considerably shorter execution times required by LLUVIA-II, 

this code was used to calculate the water flow patterns for fluxes of 0.01, 0.1, and 1.0 

mm/yr. The LLUVIA-II problem domain was set up as a rectangular grid, with the 

dip of the geologic units approximated by rotating the gravitational-force vector by 

6.25 degrees. This effectively rotated the water table by 6.25'. The actual dip angle 

given for the water table was 2.030. Thus, lateral diversion of water at the bottom 

boundary would be overstated. However, as the results will show, lateral motion 

at the bottom boundary is nearly zero. The five geologic units were approximated 

as constant thicknesses using the average values of each unit given in Table 3-1. A 

horizontal domain of 500 m was used, starting approximately 500 m east of 

drillhole USW H-5. The Ghost Dance Fault was not included in this domain (Figure 

f1-3).

1 I

,ayer

Eg2 

3 

-- 4 

-- 5.  

I I II I I I I I I

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

DISTANCE (x10 3 m)

Figure 11-3. LLUVIA-II computational mesh
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11.2 Boundary and initial conditions 
The calculations were run for four water percolation rates-0.01, 0.1, 1.0, and 

3.0 mm/yr. A steady water-flux rate (qi) of 3.0 mm/yr was evenly distributed 

along the top boundary for the NORIA-SP calculations. Evenly distributed steady 

fluxes of 0.01, 0.1, and 1.0 mm/yr were used for the LLUVIA-II calculations. Zero 

horizontal flow was specified at the right and left boundaries. The bottom 

boundary was located at the water table and was therefore held at a constant 

pressure head of zero. At time zero, a constant effective pressure was applied 

everywhere within the flow region, resulting in zero initial water velocity. The 

codes were run until the results approached steady state.
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Appendix III 
RIB/SEPDB Data 

Most of the data used in this analysis were not taken from the RIB. The RIB 

contains average values for parameters, which generally speaking represent judg

ments by the submittors of the data. For this analysis we did not want to impose 

any biases on the data which we could not clearly identify. The sources of the data 

are identified in the text of the report. All data should be considered to be Quality 

Assurance level NQ.  

Some of these data may be submitted to the SEPDB and/or the RIB. The 

Gainer et al. (1992) report describes the development of the geohydrologic data, 

and is the more appropriate source for submitting data to the RIB/SEPDB.
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