
6 DISRUPTIVE CONSEQUENCE ANALYSIS 1

6.1 Overall Approaches for Treating 
Consequences of Disruptive Events 

The performance of the undisturbed geologic 
repository may be modified by a number of dis
ruptive events, as discussed in Chapter 3. Those 
considered in Iterative Performance Assessment 
(IPA) Phase 2 were: climate change (pluvial sce
nario); human intrusion (including exploratory 
drilling- drilling scenario); seismic shaking (seis
mic scenario); and magmatic eruption (volcanic 
scenario). These events, individually and in com
bination, have the potential to alter repository 
performance in several different ways. They may 
result in direct releases of radionuclides to the 
surface in the form of contaminated drill cuttings, 
or indirect releases, by way of the liquid or gas 
pathway, augmented by premature failure of 
waste packages. 2 

The approach employed in developing the disrup
tive models was to use the undisturbed system 
models, or "base case," to the extent practicable, 
to assume a "reference biosphere" 3 for computing 
doses, and to use the least aggressive approach 
feasible. This involved generally altering the input 
data to the computational modules to simulate a 
disrupted condition (e.g., earlier failure of the 
waste package to simulated drilling, seismic or 
volcanic failures, or increased infiltration to 
simulate a pluvial climate). However, there were 
several modules developed specifically to simulate 
the time and extent of the drilling, seismic, and 
volcanic failures.  

Each scenario class is denoted by a four-tuple (al 
a2 a3 a4), with all 2, 3, 4 corresponding to the letter 
c, s, d and v, respectively, referring to the four dis
ruptive events, or the letter o, to denote that the 
particular disruptive event is absent. There are a 
maximum of 24 = 16 distinct scenario classes that 
are possible. For example, the base case is de
noted by oooo, and the fully disturbed by csdv. In 

'The figures shown in this chapter present the results from a demon
stration of staff capability to review a performance assessment.  
These figures, like the demonstration, are limited by the use of 
many simplifying assumptions and sparse data.  

2 'he term "waste package" is used here synonymously with "con
tainer" and "canister." 

3Defined in Section 7.2.1.

addition to the base case (o), the four categories 
of fundamental causative events from which sce
nario classes are formed for Phase 2 are: climate 
change (c); drilling (d); seismic (s); and volcanic 
(v).  

" Climate change is represented by change in 
the infiltration rate at the surface of the 
mountain and in the height of the water table.  
The infiltration rate is treated as a sampled 
parameter, where its value is determined 
using Latin Hypercube Sampling (LHS) (de
scribed in Section 2.1.3). The height of the 
water table is increased by 100 meters, com
pared with the base case in the climate 
scenario model. Climate change can only 
indirectly affect release of radionuclides from 
the repository.  

"* Human intrusion into the repository is con
sidered to occur by exploratory drilling.  
Drilling is considered to cause both a direct 
and indirect release of radionuclides to the 
surface. Indirect release is caused by drilling
initiated failure of waste packages, which 
determines the source term. In computing the 
direct release of radionuclides from drilling, 
removal of radionuclides from the engineered 
barrier system (EBS) and rock column, by 
liquid and gaseous pathways, up to the time 
of drilling, are taken into account.  

"* Seismic events are assumed only to lead to 
premature failure of waste packages, affecting 
only indirectly the release of radionuclides 
from the repository. The model does not 
allow the alteration of site hydraulic proper
ties, because of fault movement along the 
linear segment representing the fault. Because 
there are numerous faults and fractures inter
secting the repository perimeter and its sur
roundings, it is expected that movement along 
existing faults will change the hydraulic char
acteristics of the site to a minimal degree.  

" Magmatism is modeled as both intrusive and 
extrusive magmatic events. Intrusive magma
tism is modeled as a linear dike in the plane 
of the repository and results in an indirect 
release of radionuclides. Extrusive magma
tism is modeled as a volcanic eruption of ash
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6. Disruptive Consequences

flow extending from the basement. This event 
is assumed to result in a direct release of 
radionuclides. Coupling among magmatism 
and other release mechanisms are not con
sidered. For example, the removal of radio
nuclides from the EBS and rock column by 
magmatic events is not taken into account in 
computing the release of radionuclides by 
liquid and gaseous pathways, and vice versa.  

The models of disruptive events for early failure 
of the waste packages work in conjunction with 
SOTEC (Source Term Code), described in Chap
ter 5 (and in Sagar et al. (1992)). SOTEC con
siders only one representative waste package per 
repository sub-area, but is invoked three times to 
include: (1) initial failures (e.g., manufacturing 
defects); (2) failures from corrosion; and (3) 
failures by scenarios (i.e., drilling, seismic, or 
volcanism). For scenario classes with drilling-only 
(oodo) or drilling combined with pluvial climate 
(codo), a direct hit from drilling will fail only a 
single waste package within the repository 
sub-area (unless it has already failed from 
corrosion). However the version of SOTEC used 
in the Phase 2 analyses cannot distinguish 
between types of scenario failures, so the analysis 
incorporates the most conservative assumption 
about the number of failed waste packages and 
the time of failures: the number of failures is the 
sum of the failures from drilling, seismicity, and 
volcanism, but the failure time is the shortest of 
the three failure times.  

In IPA Phase 2, the consequences from disruptive 
events are treated by adjusting submodel param
eters, introducing LHS parameters, or through 
additional dependent or independent calculations.  
A summary of the disruptive events, the names of 
the parameters, and their respective release 
modes is presented in Table 6-1. The LHS param
eters (including those associated with the base 
case)are itemized in Appendix A.  

The choice of LHS parameters was determined by 
the individual investigators responsible for the 
disruptive scenario modules, based where avail
able from data on Yucca Mountain site or similar 
rocks. Parameter choices are discussed further in 
individual sections and in Appendix A. A detailed 
description of methods for computing conse
quences of disruptive scenarios is provided in the 
following sections.

6.2 Treatment of Climate 

The climate at Yucca Mountain for the past 
approximately 50,000 years was assumed to char
acterize future climates at the proposed repository 
site. Variation in precipitation and temperature in 
the Yucca Mountain vicinity was no more than a 
few degrees Celsius (°C) decrease in temperature, 
accompanied by an up to 40 percent higher than 
present (ca. 150 millimeters annually) precipita
tion. To ensure a conservative analysis in IPA 
Phase 2, pluvial scenarios were incorporated by 
assuming an increase in infiltration from the 
possible wetter climatic conditions associated with 
likely cooler temperatures in the next 10,000 years.  
The conservative increase in infiltration was 
modeled by assuming a higher range for infiltra
tion (5.0 to 10.0 millimeters/year in future sce
narios, versus 0.01 to 5.0 millimeters/year for the 
base case (oooo)). Associated with the increase in 
infiltration was a rise of 100 meters in the water 
table, resulting in a decrease in the thickness of 
the unsaturated zone. The increased infiltration 
values and associated rise in the water table were 
within the values espoused in Czarnecki (1985).  
Thus, the approach to treating climate change in 
the development of performance assessment sce
narios in IPA Phase 2 was essentially the same as 
that used in IPA Phase 1 (see Codell et al., 1992; 
p. 57). Further discussion of the treatment of 
climate change within the modeling effort can be 
found in Chapter 4.  

6.3 Improved Drilling Model and 
Code 

6.3.1 Introduction 

The techniques used in the Phase 2 drilling 
modules differ from those used in IPA Phase 1.  
The releases in IPA Phase 2, resulting from 
drilling, are determined using a series of geo
metric arguments and radionuclide inventories in 
the waste packages within each region of the 
repository and the rock columns encompassing 
the repository and extending down to the water 
table. The number of drilling events for each trial 
was sampled from a normal distribution as an 
approximation to a Poisson distribution. Each 
event was assumed to occur independently of an) 
other drilling events and to occur randomly in 
time and space.
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Table 6-2 The Distribution of Waste Packages by Repository Sub-Area 

Repository Sub-Area Surface Area (km 2) Number of Waste Packages 

1 0.31 2335 
2 1.40 6150 
3 1.10 4875 

4 0.66 3675 

5 0.26 1275 

6 1.20 5625 

7 0.20 1073 
Total 5.13 25,008

present in the rock column at the time of the 
drilling event, i, k, RC (tb), times the ratio of the 
borehole cross-sectional area Ab to that of the 
rock column AkRC and can be written as: 

iR Ab Ii,k,RC (tb) 
i, k, RCi AR (6-1 

where IR, k, RC (00) is the total inventory released 
from the rock column through the drilling event 
that occurred at time tb, and N is the number of 
radionuclides.  

For instance, where the borehole intersects a 
waste package, the inventory released includes 
radionuclides from the EBS and from the rock 
column. As a conservatism, any direct hit of a 
waste package assume that the entire borehole 
intersects that package. The amount released for 
each repository sub-area through a drilling event 
that intersects a waste package can be expressed 
as: 

IR = I R , , + I iR , ,R 
- i, k, WP i, k, RC 

(6-: 
= Ab Ii, k, WP (tb) + Ab Ii'kRC (tb) 

AWp AkRc 

where IR is the inventory of radionuclide i re
leased, !iR, k, wp is the amount of radionuclide i

released'from the waste package, AWp is the 
cross-sectional area of the top of the waste 
package, and Iik,WP(tb) is the inventory of nuclide 
i in a waste package, within region k of the 
repository at time (tb).  

1) 6.3.3 Consequences 

The drill hole, itself, does not establish any new 
pathways either to the atmosphere or the water 
table; the only effect of drilling on liquid and 
gaseous releases would be through the premature 
failure of the waste package. However, the drilling 
model does consider the direct release of contami
nated rock at the surface of the earth, contribut
ing to the cumulative release at the accessible 
environment. Additionally, the model takes into 
account the assumption that a fraction of the 
radionuclides in the drill cuttings is capable of 
becoming airborne and respirable, which has been 
conservatively estimated to be about 4 percent of 
that brought to the surface. These respirable 
releases are factored into the dose model de
scribed in Chapter 7. The drilling events are still 
modeled somewhat simplistically and, as such, 
may not be fully conservative.  

The probability of drilling incursions into the re
2) pository was estimated to be 0.0003 boreholes/ 

square kilometer/year, and was based on the 
guidelines outlined by the U.S. Environmental 
Protection Agency (EPA) (see Appendix B in 
EPA, 1985). This translates into approximately 
15.4 events within the repository horizon in 10,00u 
years (the period of regulatory concern). A
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Poisson distribution of drilling events, approxi
mated for convenience by a Gaussian normal 
distribution with a = 3.88 and m = 15.5, was 
used in the analysis and can be expressed as: 

_e( 
2C) 

P(_ = 2 (6-3) 

6.3.4 Hit Probability 

The consequences also depend on whether the 
borehole intersects a waste package. The radii of 
the boreholes were held constant over a given 
realization and were sampled from a uniform 
distribution between 0.02 and 0.1 meters. The 
incident region was determined for each borehole 
by weighting the probability of penetrating a given 
region by its relative size. The time of occurrence 
was uniformly distributed over a range of 100 to 
9900 years, for each borehole. The stated range 
includes the effects of drilling up to 10,000 years, 
and a nominal period of 100 years for active con
trol over the site. The chance of striking a waste 
package in region k of the repository, assuming 
that no waste package is within 2rb from another, 
can be expressed as: 

Pk (hit) [n.7r t(rb + rw/,)]2  (6-4) 
Ak, RC 

where Pk(hit) is the probability of a hit, n is the 
number of waste packages within the region, and 
rb and ,rwp are the radii of the borehole and the 
waste package, respectively. The values of n are 
given in Table 6-2. If a uniformly sampled param
eter, [0,1], is within the range of [O,Pk (hit)], then 
the borehole intersects a waste package.  

6.3.5 Radionuclide Inventory Determination 

The inventory of radionuclides in the rock in each 
of the seven repository sub-areas depends on the 
initial inventory, radioactive decay, and the trans
port out of the area by water and gas flows. The 
inventory of radionuclides in the intact waste 
packages can be determined easily by considering 
initial inventory and radioactive decay, alone.  
SOTEC also keeps a running inventory of the 
radionuclides, for failed waste packages, con
sidering transport by diffusion and flow. The

inventory of radionuclides in the rock column is 
more problematic, however, because there is 
incomplete information on radionuclide releases 
from SOTEC available to the drilling module.  
One approach to modeling the inventory is to 
develop a series of differential equations and to 
allow continuous and arbitrary time functions for 
the addition and the removal of mass from the 
rock columns.  

The approach that was used in IPA Phase 2 is 
better suited for use, and simpler to integrate, 
with the limited information available from 
SOTEC. The differential equation for the inven
tory Ii in the rock column is:

dl, AiIi - 'i-1 + i-1 " M #(t) 
dt

(6-5)

where Ai is the decay constant for nuclide i, and 
Mi(t) is the rate of mass injection or removal of 
nuclide i from the rock column.  

Given initial concentrations of each nuclide and 
no injection or removal of nuclides (i.e., Ii(t = 0) 
= Iio and Mi(t) = 0), then this equation simpli
fies to a series of coupled, linear, ordinary differ
ential equations, generally known as the Bateman 
equations. Letting Bi designate the solution of the 
Bateman equation for nuclide i, the inventory li 
can be written as:

(6-6)

Knowledge of the initial inventory of a given nu
clide, Iio, and its parent nuclides allows the inven
tory of nuclide Ii to be found at any time t. It is 
much more difficult to solve Equation (6-5) when 
mass is added to or withdrawn from the compart
ment. SOTEC calculates and outputs information 
on the rate of nuclide release from the EBS into 
the geosphere as a function of time. These values 
can be used to represent Mi(t) for the EBS and 
will contribute to the Mi(t) for the RC. The Mi(t) 
for the RC is further complicated by the loss of 
mass to the accessible environment.  

Let the rate of release of radionuclide i, from the 
EBS into the RC, be denoted by fi(t). SOTEC will 
output discrete values of fi(t) at times tj, which 
may not be uniformly spaced. Let F0 be defined
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6. Disruptive Consequences

as fi(tj), and it will be assumed that Fio = 0 for all 
1.  

There are several options to represent the release 
rate fi(t) from the point estimates F11. One option 
is to determine a curve fit to Fij, which would re
quire assumptions of linearity and continuity of 
the release rate from the SOTEC output. A sec
ond option would be to represent the source 
terms with a series of steps centere d about the 
pointsfi(t). However, the method adopted for IPA 
Phase 2 simplifies the solution of the equations.  
This formulation adds and removes mass in in
stantaneous pulses, using the Dirac delta func
tion. This technique avoids the introduction of 
new recursive relationships:

(t3 + tj_±
(6-7) 

(6-8)

Considering, for the time being, only mass with
drawal, which applies to the inventories in the 
waste packages, let:

(6-9) 

(6-10)

AtL,j = tL,j+ 1 - tL,j ,

J 
Mi(t) = - =t) E - 3(1 - t-)Atj1 ij , 

j=1

where 6 (t - tj) is the Dirac delta function and J is 
the total number of time steps.  

This representation of the source term by a delta 
function makes the mass removal term zero for all 
t # ti. The mass removal rate at t = tj is infinite.  
The integral of the constant rate, Fij, over the 
interval Atj, is, however, F0iAtj.  

Consider a 2-member decay chain, where: 

Ml(t) Y6 Q 2 (- tj) Fj , (6-11)

M2(t) = -I(5(t-tj)r2j. (6-12)

Using Laplace transformations, the solutions for 
the inventory of each radionuclide at an arbitrary 
time t, can be found:

I 
1i() = 1ioe-'lt- Yf-(t - tj)]Fj1fc-1(t t1)] 

j=1 

12 (t) = I2oe-'2t + [e-A21 - e-a1' (A• - 2)

(6-13)

(6-14)- I[H(t - t) FAt, (e-•AP-)) 

-=1

- j r -I(t - tj)] FAt, A -LAI(2,- ) 

j=1 I (A A) I 

where H(t-tj) is the Heaviside step function at 
time tj. It may be noted that for the 12 solution, in 
this instance, that the relationships between the 
second and first terms are congruent to those of 
the fourth and third terms. Therefore, by super
position, the solution to the chain decay problem 
is given by:

(6-15)

where I = 1,

The solution to this problem is given by: 

Ii = Bi(t, 1o, 0,) 

J 

"[H(t - tj)Bi([t - tj], Atj, F1j A1) 
j= 1

(6-16)

where I = 1, ..., i.

Modifying the theoretical development now to 
include mass being added and withdrawn from 
the compartment, requires modification to 
Equation (6-15) to:
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6. Disruptive Consequences

Mi(t) = >'6(1t-tj)[Fij-Gj] , (6-16) 

where FJi is the amount of mass added to the rock 
column, equal and opposite to the amount 
withdrawn from the EBS, and Gij is the amount 
lost to the accessible environment. The solution 
for the inventory of nuclide i in the rock column 
is: 

I 

i = [H(t - t)]Bi([t -1tj, 6tJ F# - G A) , (6-17) 
j=1 

where I 1,..., i.  

6.3.6 Overview 

The present formulation of the drilling conse
quences offers a limited degree of sophistication.  
It does not, nor does it intend to, consider the full 
range of expected consequences of a drilling 
event. The effect of drilling fluid has, for example, 
been neglected throughout the analysis, which 
introduces an element of non-conservatism into 
the analysis. Furthermore, the model assumes that 
the process of drilling does not create any addi
tional pathways for liquid or gaseous releases.  
The conceptual models of the drilling events were 
selected, in part, to allow effective use of, and 
integration with, the other IPA Phase 2 models, 
and to avoid unnecessary complexity. In light of 
the uncertainties in other parts of the IPA Phase 2 
analyses, and the relatively minor contribution of 
drilling to either cumulative releases or doses, the 
drilling model appears to have received an 
appropriate level of attention.  

6.4 Improved Seismic Scenarios Model 
and Code 

6.4.1 Introduction 

The physical integrity of the waste package is 
modeled, for the case of no seismicity, as if corro
sion will proceed until the thickness of the waste 
package material reaches a critical value. With 
seismicity, a presumably lesser degree of corro
sion can cause waste package failure. Since all 
waste packages are considered to be identical in 
each repository sub-area, all of them would fail at 
a time earlier than the time of corrosion-induced

collapse. The seismic analysis, therefore, calcu
lates the time of failure for all the packages in the 
repository sub-area, which is less than the failure 
time of corrosion-induced failure. The critical 
thickness is calculated from models of pitting, 
crevice, and uniform corrosion, choosing the 
greatest corrosion depth from among the three 
without regard to the obvious differences in the 
likely effect of these processes on the mechanical 
strength of the waste packages.  

The seismic analysis is embodied in the computer 
code SEISMO (see Freitas et al., 1994). The seis
mic failure analysis relies on SOTEC for the 
depth of pitting and crevice corrosion. Premature 
failures of the waste packages are communicated 
back to the SOTEC code, to allow the release of 
radionuclides to commence sooner.  

The SEISMO code determines the time step(s) 
during which waste package failure occurs. The 
probability that a seismic event of sufficient 
magnitude to cause waste package failure occurs 
(failure probability) is compared to an event 
indicator. If the event indicator, a random 
number ranging from zero to unity, is less than 
the failure probability, then it is assumed that 
seismicity during the time step is sufficient to 
cause premature waste package failure. The 
details of the calculation are presented in the 
succeeding sections. (See Table 6-3 for a 
description of the parameters used in the 
SEISMO code.) 

6.4.2 Response of Waste Package to Seismic 
Shaking 

The waste package is considered to be a hollow, 
slender, elastic cylinder of length L standing 
vertically, and attached at the bottom to the 
ground, as illustrated in Figure 6-1.  

The moment of inertia of the cylinder, I, given by:

I = a [R4 - (R - ]=rR 3d, 
4

(6-18)

where R = outer radius of cylindrical waste 
package, and d = thickness of cylinder walls.  

The spring constant K is given by:

3EI 
KL= L, (6-19)
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Table 6-3 Parameters Used in the SEISMO Code 

Parameter Name Symbol Description Nominal Value and Units 

pacleng L package length 4.7625 m 
pacrad R package radius 0.3302 m 
pacthik d package thickness 0.01 m 
dampfac damping factor 0.03 
elasmod E modulus of elasticity of package material 2.0 x 1011 N/m2 

densss Qs density of stainless steel 7.75 x 103 kg/m 3 

wmass Mw mass of waste per package 6.4 x 103 kg 

freqacc W0a seismic wave frequency 5 hertz 
widthag Wag size of the air gap 0.0381 m

Pintle

A B

Figure 6-1 Representation of waste package canister for improved seismic scenarios model 
((a) SCP disposal container concept for spent fuel (from DOE, 1988; p. 50).  
(b) IPA Phase 2 waste package representation.)
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where E = elastic modulus and L = length of 
waste package.  

Assuming that the cylinder is thin-walled, the 
volume of metal in the top or bottom ends of the 
waste package Ve is given by the expression: 

V, = rR 2 d. (6-20 

The volume of the side V, is given by: 

V = 7r R 2 - (R - d)2] L. (6-21 

The total volume VT is given by:

V 7 = 2 V + V, (6-22

The mass of the waste package is therefore: 

Mp = VT Qs, (6-

where e, = density of stainless steel.  

The total mass is the sum of the waste package 
mass and the waste mass,

MT = M, + Mp.

0 0Q O (6-26)

For the nominal waste package parameters, the 
natural frequency of the waste package will start 
off much higher than the excitation frequency, but 
declines as the metal thickness is reduced by cor

) rosion. As an added conservatism in the model, 
the natural frequency is not permitted to decrease 
below the excitation frequency (i.e., Q2 > 1).  

) Let the displacement of the center of the mass be 
denoted by x(O, the motion of the ground by xg(t), 
and the relative motion of the mass with respect 
to the ground (and the emplacement hole) by xr(t).  
) rhen,

Xr(t) = x() - xg(). (6-27)

Further, since the analysis was interested in the 
23) harmonic motion solution, these functions are 

written in the form:

(6-24)

The natural frequency of the undamped system is:

(on = [_K1 (6-25)

Half the total mass is used in this calculation, 
because a simple lumped-system model of the 
waste package and its contents would be for half 
the total mass at the end of the cantilever and half 
at the bottom. The mass at the bottom is assumed 
to travel with the ground, so it does not enter into 
the calculation.  

The excitation frequency (i.e., the frequency of the 
ground motion) is an input parameter chosen for 
this seismic analysis to be similar to the resonant 
frequency of the object involved; in this case, the 
excitation frequency was chosen to be 5 hertz. The 
amplitude of the ground motion is a function of 
the excitation frequency, and, for the present 
analysis, has been taken from regional seismic 
data in the vicinity of Yucca Mountain 
(URS/Blume, 1986). The ratio of the excitation 
frequency to the resonant frequency is defined:

xg(t) = Ag siln(ci t), (6-28) 

x,(t) = Ar sin(Woat- q), (6-29) 

where Ag and Ar equal the amplitude of the 
ground and waste package displacement, respec
tively, and (ý is the phase difference between 
ground and waste package movement.  

For a simple spring mass system with damping 
associated with the velocity term, we find that: 

A , =2 , , (6-30) 
Ag [(1- Q 2)2 + (2ýQ)17 

where ý is the damping factor accounting for fric
tional forces opposite the direction of motion of 
the center of mass.  

Since we are assuming sinusoidal motion, we ob
tain, by differentiating Equation (6-28) twice: 

x8(t) - (OqXg(t) = - .co0 Ag sin(wat) (6-31) 

Further, we may take the peak ground accelera
tion a to be equal to the amplitude of the accel
eration of the seismic wave, that is: 

a = wo Ag (6-32)
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Then, the maximum displacement A, is: 

a 22 
d (02 [(1 - Q 2 ) 2 + (2Q)2]'

Since we are interested in the maximum stress, 
hence the maximum deflection, we can replace Xr 
with Ar, to obtain:

(6-33)
o-A = 3 EA, 

L (6-37)

6.4.3 Waste Package Fragility 

The waste package canister is assumed to fail if 
one of the following conditions occurs: 

" The stress at the base exceeds the yield 
strength of the waste package material (Mode 
1 failure), or; 

" The motion induced in the end of the waste 
package is great enough to impinge on the 
side of the emplacement hole, thereby buck
ling the waste package (Mode 2 failure).  

Failure by Mode 1.  

Failure by Mode 1 is induced when the magnitude 
of the vibration of the waste package becomes so 
great that the stress at the base (which is assumed 
to be a cantilever support--hence stress is great
est at the base) exceeds the yield strength of the 
waste package material. Consider the forces at the 
base of the spring-mass system used to represent 
the waste package. The force FM exerted by the 
movement of the mass at the free end of the canti
lever beam can be derived from the definition of 
the spring constant: 

FM = -KXr, (6-34) 

where xr = deflection.  

Then by using the formula for the spring constant, 
Equation (6-19), the moment MA at the base is 
given by: 

3 EIx, 
MA = LFM = - L , (6-35)

A failure will occur if fA > ua, that is: 

Lug 

3E 

where ay' is the stress at the yield point.

(6-38)

Failure by Mode 2.  

Failure by Mode 2 is induced when the motion of 
the end of the waste package is so great that it 
impinges on the side of the emplacement hole, 
thereby buckling the waste package. For failure to 
occur by this mechanism, two conditions must be 
met: 

(1) The displacement of the end of the waste 
package must be large enough so that the 
package hits the side of the emplacement 
hole; and 

(2) The force induced by this impact is great 
enough to buckle the side of the waste 
package.  

For Condition (1) we can merely compare the 
amplitude of the displacement, given by Equation 
(6-33) with the magnitude of the air gap, o)g, 
which is read in as data. The 1988 Site Character
ization Plan design calls for a 3.81 centimeter-air 
gap all around the package (see DOE, 1988).  
Thus,

Ar Ž- Wag (6-39)

implies a failure could take place by this mech
anism. For the IPA Phase 2 version of the model, 
the staff conservatively assumed that any contact 
of the waste package with the side of the borehole 
will lead to failure.

and the stress at the base is given by: 

o'A = MA- = 3 Ex 
I L

6.4.4 Computational Algorithm for Seismic 
Failure of Waste Packages 

(6-36) At each time step, input on the corroded thick
ness of the waste package is supplied by SOTEC.
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The thickness of the waste package metal is 
chosen from the largest corrosion depth calcu
lated from models for pitting, crevice, or general 
corrosion. The strength of the remaining material, 
however, is conservatively calculated, assuming 
that the entire surface corrodes uniformly to the 
calculated depth, irrespective of which model 
(pitting, crevice, or general corrosion) gave the 
greatest depth of corrosion.  

Given the thickness of the metal and the param
eters presented in Table 6-3, the critical displace
ment of the waste package A, is calculated for 
Mode I or Mode 2 failure mechanisms, Equations 
(6-33) or (6-39), respectively. The smaller of the 
two amplitudes is then used to determine at what 
acceleration the waste package would fail.  

The fragilityf corresponds to the acceleration in 
g's needed for the smaller amplitude: 

Ar, w2 [(I 2 )2 -+ (2•fQ) 2 1[ 
9.81 Q2 (6-40) 

The fragility f has a corresponding annual rate of 
recurrence ra, derived from a curve fit to a pub
lished relationship at Yucca Mountain 
(URS/Blume, 1986), that includes all events 
sufficient to cause displacements equal to or 
greater than the critical displacement. The 
fragility can be expressed as follows

forf < 0.1g: 

ra = 0.01 [occurrences/year], (6-41a) 

for 0.1 <f < 4: 

loglo(ra) = aO + all + a212 + a313 

+ a414 + a5!5 + a616 , (6-41b) 

where I = loglo (: 

ao = - 4.67174, al - 4.16482, a2 = 1.91376, 
a3 = 3.75132, a4 = - 3.06375, a5 = - 2.04791, 
a6 = 1.65667, 

forf > 4:

ra = 0 Ioccurrences/year]. (6-410)

An approximation of the probability that the 
failure occurs within the time step t to t+ At is 
approximated from the annual rate of recurrence 
ra to be:

pAt = 1-(1-ra,)"t (6-42)

where At is number of years in the time step.  

Whether or not the failure occurs during a par
ticular time step is a matter of chance. In the 
present model, the failure probability {pAt} is 
compared with a number U between zero and 
unity, selected randomly from a uniform distribu
tion. If the random number is less than {pAt}, the 
waste package is assumed to fail. The random 
number is sampled once per vector from the main 
sampling routine, to keep all randomness in the 
control of the system-level program. Although it 
would appear that the random number U should 
be sampled for each time step within the vector, 
numerical experiments with the model indicate 
that the results are about the same statistically for 
either case, given a sufficiently large number of 
vectors.  

6.4.5 Estimating Probability of Seismic 
Failure Scenario 

The task of this section is to define an accelera
tion and its probability below which there would 
be no perceptible difference between failure and 
no-failure by seismic forces.  

Since the system code calculations are discretized 
in time, anything happening in less than one time 
step is below our ability to discern its cause. The 
curve of waste package thickness vs. time from 
the corrosion model is very steep and fairly in
sensitive to the environmental conditions, once 
corrosion commences. Figure 6-2 is a typical set 
of curves describing the decrease in metal thick
ness, with time, for the seven repository sub-areas.  
The thickness Of for six of the repository sub
areas is 9.8 x 10-4 meters, 50 years before failure.  

The natural frequency o,• at failure, can be calcu
lated from Equations (6-18), (6-19), and (6-25), by
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6. Disruptive Consequences

substituting of for d. For the assumed model pa- (Valentine et al., 1992). Even in the absence of 
rameters of R = 0.33 meters; L = 4.7 meters, 09a actual eruption of waste, subsurface magmatic 
= 5 hertz; E 2 x 1011 Newtons/square meter; effects may also affect repository performance. In 

oa = 2.067 x 108 Newtons/square meter; the the case of intrusive events that occur within the 
mass of the fuel plus waste package M, = 2925 repository area, dikes emplaced through and 
kilograms; thickness Of (50 years before failure) above the repository may damage the waste pack
9.8 x 10-4 meters; and the natural frequency from ages. In addition, dikes or sills below or in the 
Equation (6-25) = 13.9 hertz, or &2 =a/Wa = repository horizon could affect the repository by 

0.36. producing hydrothermal processes or altering 
hydrology. The effects of intrusive dikes on the 

In most cases, the waste package fails first by fail- regional hydrology are presented in Appendix E.  
ure Mode 1, so one can write: For the parameters chosen in the model, the 

model predicts a potential water table rise of over 
100 meters for the case of two perpendicular 

oJaL = a [ Q2 
1  dikes. The main effect of the intrusions would be 

Ar = 3E =w21_(1 Q2)2 + (2Q)]1/2J (6-43) to decrease the distance between the repository 
and the water table, but increase the travel time in 

the saturated zone. Hydrothermal processes could 
The acceleration needed for the waste package to cause rapid corrosion of waste packages. As a 
fail is: result, radionuclides could be transported to the 

accessible environment by either ground-water 
flow or gaseous release. The hydrologic properties 

( aLf [(1 - Q2)2 + (2b") 2](6-44) of the dike itself may produce important changes 
3E Q2 in the long-term flow of ground water.

Evaluating Equation (6-44) for the resonance 
and ý = 0.03 gives an acceleration of only 0.028 
g. Earthquakes of this magnitude would be 
expected to be very frequent. Equation (6-41) 
gives a default annual recurrence rate of 0.01/year.  
Conversely, the expectation of no earthquakes of 
this magnitude in 10,000 years would be 
vanishingly small: 

{ pAt}(no seismic failure) = (1 - 0.01)10'000 

= 2 x 10-44 . (6-45) 

6.5 Improved Magmatic Scenarios 
Model and Code 

6.5.1 Introduction 

This section describes models and codes that have 
been used to simulate magmatic activity for the 
IPA Phase 2 consequence analysis. Magmatic sce
narios are important for performance assessment 
because some repository material may be ejected 
onto the earth's surface if a magmatic event pene
trates the repository during a volcanic eruption

Two areas of current investigation that are critical 
to consequence models are: (i) the mechanics of 
cinder cone eruptions, the duration of these erup
tions, and the areal distribution of vents at active 
cinder cones, and; (ii) the secondary effects of 
volcanism, including the effects of diffuse de
gassing and thermal loading on waste package 
performance, geochemical transport, and ground
water movement. Many of these volcanic proc
esses are incompletely characterized. For example, 
recent studies at historically active cinder cones 
indicate that these eruptions are, under some 
circumstances, considerably more energetic than 
normally inferred. During the 1992 eruption of 
Cerro Negro, Nicaragua, volcanic ash rose to 
much higher altitudes and was dispersed over a 
greater area than is typical for mafic eruptions.  
Although this volcano is in a magmatic arc, the 
rheological properties of its magmas are similar to 
those of Lathrop Wells (Connor and Hill, 1993).  
These data suggest that cinder cone eruption 
mechanics and their impact on waste entrainment 
and dispersal must be investigated more fully. The 
secondary effects of degassing and cooling of 
cinder cones are long-term processes, and their 
impact on repository performance also will need 
to be more fully integrated into future IPA 
models, as studies progress.
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Two approaches have been used previously to 
model volcanism consequences related to damage 
of the repository and release of waste (Crowe et 
al., 1983; Valentine et al., 1992; Sheridan, 1992; 
and Margulies et al., 1992). The first method 
involves development of a geometric model to 
estimate the amount of waste entrained in an 
ascending dike during both intrusive and extrusive 
events (Sheridan, 1992; and Margulies et al., 1992).  
In this model it is assumed that the amount of 
waste entrained is directly proportional to the size 
of the dike. In the second approach, the likely 
amount of waste entrainment is estimated by 
considering the abundance of shallow crustal 
xenoliths identified at volcanoes near the reposi
tory site and at other cinder cones in the Great 
Basin (Crowe et al., 1983). The basic premise in 
this approach is that the amount of waste en
trained should be proportional to the lithic 
fraction in scoria cones, should a basaltic 
eruption occur through the repository. For IPA 
Phase 2, the geometric approach was adapted to 
develop the magmatic consequence model and 
code.  

In the magmatic consequence model, the number 
of waste packages damaged is computed from the 
area of the repository intercepted by the ascend
ing magma. Only one igneous event, either an 
intrusive (modeled as a dike only) or an extrusive 
event (modeled as a coincident dike and cone), is 
assumed to occur during each simulation run. It 
was assumed that all radioactive waste affected by 
the dike is released to the surface of the earth 
through the cinder cone, for extrusive events. For 
intrusive events, the magma is assumed to com
promise the intercepted waste packages, leading 
to early failure, but not providing additional gas 
or liquid pathways for radioactive release.  

6.5.2 Relevant Literature 

The volcanic release probability at Yucca Moun
tain region during the period of regulatory con
cern for a potential repository has been studied 
by Crowe et al. (1982; 1983; 1992). The volcanic 
release probability was examined in these studies 
as the product of three factors: (i) the probability 
that a volcanic event will affect the repository site; 
(ii) the temporal probability of a volcanic event; 
and (iii) the probable amount of release of 
radionuclides because of a volcanic event. How
ever, these studies underestimated some param-

eters in the consequence analysis, such as erosic 
depth, conduit shape, speed of entrainment, and 
total lithic fraction.  

The effects of volcanism on performance of the 
potential Yucca Mountain radioactive waste 
repository were studied by Crowe et al. (1983) and 
Valentine et al. (1992). They adapted the implicit 
assumption of the geometric model that the 
amount of waste entrained is directly proportional 
to the size of the dike. Valentine et al., then esti
mated the amount of waste entrained from the 
total volume of erupted lithics and the volume of 
repository intercepted by the dike.  

Sheridan (1992) used Monte Carlo simulation to 
estimate the probability of occurrence of future 
volcanic dikes in the vicinity of Yucca Mountain.  
His model incorporates the geometric approach 
and addresses only the spatial probability of the 
various volcanic scenarios. In this model, the vol
canic field defining the area in which dikes can 
occur is approximated by an elliptical outline. The 
centers of the dikes are distributed according to a 
bivariate Gaussian distribution centered in the 
middle of the volcanic field. The geometric 
parameters of dikes are specified by a mean val.  
and a standard deviation. After each dike is 
located, the length and orientation are chosen 
from the Gaussian distributions specified by the 
mean and standard deviation. Because the loca
tion of dike centers and the dike geometry are 
generated independently, it is possible to have a 
dike field oriented in a different direction away 
from the orientation of the elongated volcanic 
field. This study sets upper bounds on the prob
ability of intersection of dikes with the repository.  
Using this technique, Sheridan estimated that the 
worst-case probability of a volcanic dike inter
section with the repository in the next 10,000 years 
is between 0.001 and 0.01.  

Using a Monte Carlo simulation approach, Mar
gulies et al. (1992) estimated the areal extent that 
a basaltic dike or volcanic cone intercepts the 
repository, by assuming the occurrence of mag
matic activity in the region near the repository.  
The magmatic events modeled were represented 
by planar geometrical figures. Cones were repre
sented as disks, and dikes were represented as 
rectangles. The repository area and borders were 
represented realistically in the simulations. Bas, 
only on geometry, Margulies et al. obtained the 
estimates of radionuclide release by assuming that
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any radioactive waste intercepted by the magma 
would result in release of radionuclides to the 
accessible environment.  

Margulies et al. (1992) assume an inhomogeneous 
Poisson model for the occurrence of a magmatic 
event. The probability of magmatism was uniform 
within simulation regions, but could vary between 
regions in their study. Similarly, the rate of occur
rence of magmatic events was allowed to vary 
discretely in time. The vent distribution in the 
Yucca Mountain area indicates a clustering of 
vents (Connor and Hill, 1993). From geologic 
evidence and theory, the probability of magma
tism is not likely to be constant in time in the 
vicinity of Yucca Mountain (Trapp and Justus, 
1992). Important geological information, such as 
the temporal and spatial variation in the rate of 
magmatism, therefore, remains to be incorporated 
into the geometric approach of simulating mag
matic events in the repository site.  

6.5.3 Description of Modeling Approach 

6.5.3.1 Introduction 

The geometric approach used is an extension of 
the work by Margulies et al. (1992). In the geo
metric approach, Monte Carlo sampling was used 
to estimate the areal extent that a basaltic dike or 
a volcanic cone intercepts the repository. From a 
probabilistic point of view, magmatic events are 
distributed in both space and time. For the pur
poses of IPA Phase 2, an estimate of the proba
bility of magmatism in the Yucca Mountain 
repository (over the next 10,000 years) is needed.  

6.5.3.2 Simulation Procedure 

In the Monte Carlo simulation, the staff con
sidered a rectangular region surrounding the 
repository horizon. As shown in the simulation 
configuration of the repository (Figure 6-3), the 
repository is represented by a total of 17 rec
tangles. To obtain the simulation configuration of 
the repository, the outline of the perimeter of the 
proposed Yucca Mountain repository has been 
traced from actual drawings. The rectangles are 
further grouped into seven areas, also shown in 
Figure 6-3.  

The simulation generates a volcanic event ran
domly in the simulated region. The volcanic event 
occurrence time is chosen randomly within the

specified time period. The simulation chooses an 
intrusive magma event (with only a dike) with a 
probability 10 times that of an extrusive event 
(with a feeder dike and a cone) (Crisp, 1984).  
Cones are represented as circular disks, whereas 
dikes are represented as narrow rectangles. The 
dimensions of cones and dikes are selected by a 
random sampling procedure. The Monte Carlo 
simulation procedure for estimating the occur
rence and consequences of a magmatic event is 
described below: 

" Locate the centerpoint of a dike event or an 
extrusive event by random sampling.  

" Determine geometry parameters (e.g., length, 
width, radius) by random sampling.  

" Calculate the overlapped area in each reposi
tory cell and convert the area to number of 
waste packages, if a dike or a cone intercepts 
the repository.  

" In the case of cones, calculate and output the 
radioactive release amount in this trial. For 
dikes, report number of affected waste 
packages to SOTEC.  

In the procedure of determining geometry param
eters, parameters are chosen randomly from a 
range of values, based on the available data. Mar
gulies et al. (1992) assumed that the length of the 
rectangular dike ranges between 1000 and 4000 
meters, and the dike width ranges between I and 
10 meters. Therefore, the area of the rectangular 
dike varies between 1000 and 40,000 square 
meters. The area of the rectangular dike is chosen 
at random, in the code, as given by the following 
expression (op cit.):

A = aýI-P) bu (6-46)

where a = 1000 square meters is the minimum 
area, b 40,000 square meters is the maximum 
area, and i# is a random number chosen uniformly 
between 0 and 1. The probability density function 
of A for uniformly distributed u is skewed toward 
the smaller areas.  

After the dike area is chosen, the length is chosen 
at random between max{c, A/f) and min{A/e,d}, 
with equal probability. The corresponding width
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Figure 6-3 Configuration of the geologic repository in the magmatic scenarios simulation (The 
repository is divided into seven sub-areas with a total of 17 rectangular panels. The 
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of the rectangular dike W is then determined from 
the area A and length L, as W - A L. IHere the 
parameters c and d define the minimum and max
imrnum length, respectively, whereas the parameters 
e and f define the minimum and maximum width, 
respectively. The values of these parameters in the 
code are: 

c = 1000 meters (minimum length); 
d = 4000 meters (maximum length); 
e = 1 meter (minimum width): and 
f = 10 meters (maximum width).  

This randomly generated rectangular dike has an 
angle of orientation that is chosen at random with 
equal probability between two angles specified in 
the input. Typically, the input parameters for the 
angles are chosen to be 750 and 900 counterclock
wise from the horizontal axis, corresponding to 
the dike orientations ranging from due north/ 
south to north 15 degrees east. However, this 
distribution of dike orientation is based on a 
postulate by Smith et al. (1990), Ho (1990), and 
Ho et al. (1991), that there is a NE-trending 
structural control on vent distribution within the 
"area of most recent volcanism" (AMRV). Crowe 
and Perry (1989) have delineated a different area, 
the "crater flat volcanic zone" (CFVZ), that 
extends north-northwest from the buried Amor
gosa Valley vents, located about 35 kilometers 
south of Yucca Mountain, to those at Sleeping 
Butte, about 65 kilometers northwest of the site.  

To simulate the formation of volcanic cones 
through extrusion events, circular areas are used 
to represent cones. Since we are interested in the 
effect of the volcano on the subsurface repository, 
these circular areas more properly represent the 
stem-like conduit of magma feeding the volcanic 
eruption, which may intersect the repository. The 
cone radius then corresponds approximately to 
the radius of the approximately vertical, nearly 
circular magma conduit. The radius of the vol
canic cones is chosen uniformly at random be
tween two input parameters, the minimum and 
maximum cone radii. Margulies et al. (1992) have 
chosen the minimum and maximum radii to be 25 
and 100 meters, respectively. Currently the simu
lation adapts the parameters chosen by Margulies 
et al. However, the minimum and maximum radii 
chosen in the simulation appear to be unrealistic
ally small. The smallest cones in the Yucca Moun-

tain area have basal radii varying from 250 meters 
for Lathrop Wells and Little Black Peak, to 300 
meters for Hidden Cone (e.g., Crowe et al. 1983).  
Future simulations should address more realistic 
values for the cone radii.  

The program calculates the area of intersection 
between the dike and the repository by strictly 
geometrical computations. For an extrusive event, 
it also calculates the area of intersection between 
the cone and the repository. The predicted area of 
interception from the simulations is used to esti
mate the number of waste packages damaged, 
assuming a uniform distribution of waste pack
ages within each repository cell. For extrusive 
events, upper bound and conservative estimates of 
radionuclide release into the atmosphere are 
calculated by assuming that the radioactive 
material damaged by the dike has been trans
ported to the cone and a fraction of the trans
ported material, 4 percent, released into the air.  
The amount of radionuclides releafed into the air 
is considered to be zero for intrusive events.  

The simulation estimates the amount of release 
Qk of radionuclide k to the atmosphere, for the 
extrusive event, by summing over the radioactive 
inventory at the time of the event,

n 

Qk = Ni ljk(t) 
j=1 

Ik(t) Ik-(O) exp(- 0.69 3t/tk),

(6-47) 

(6-48)

where Nj is the number of the damaged waste 
packages in area J, and Ijk is the inventory of kth 

radionuclide in each waste package at time t in 
area j. This approach neglects the generation of 
radioactive progeny, which is non-conservative.  
The amount of radioactivity release for each 
radionuclide is used as input by the AIRCOM 
program, to calculate dose by the DITTY code 
(Dose Integrated over Ten Thousand Years). In 
addition, the number of damaged waste packages 
predicted by the Monte Carlo simulation is used 
by the SOTEC program to determine the release 
of waste in air and water. (See Section 2.1.3 for a 
description of these other total-system perform
ance assessment (TPA) computer code modules.)
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6.5.3.3 Assumptions and Limitations 

Several assumptions are implied, in applying the 
geometric approach, to estimate the amount of 
waste entrained in an ascending dike, as dis
cussed in Valentine et al. (1992). The Monte Carlo 
simulation model of basaltic igneous activity 
assumes: (i) any magma that intrudes into the 
repository will have a low volatile content; (ii) any 
igneous event will involve the intrusion of a single 
igneous dike; (iii) the repository itself will not 
affect magma flow or eruption dynamics; (iv) 
magmatic events are of relatively short duration; 
(v) ground water, possibly derived from a perched 
water table, will not interact with magma; and 
(vi) the probability of an intrusive event is 10 
times that of an extrusive event. As the code is 
developed further, these assumptions will be 
explored in more detail.  

The basic assumption that the amount of waste 
entrained in an ascending dike is determined by 
the dike size is justified if the magma intruding 
the repository has a low volatile content. High
volatile content magmas will likely erode wallrock 
during the eruption and thus entrain a larger 
volume of waste than what is calculated using a 
standard dike width.  

The simulation results for magmatic activity are 
normalized according to the magma scenario 
probability and the area of the simulation region.  
The magma scenario probability, an input param
eter to the TPA computer code, was determined 
from the work of Connor et al. (1993) and Connor 
and Hill (1993) (see Section 3.3.2.2 (A) for detailed 
discussion). They used a nonhomogeneous 
Poisson model calculated by near-neighbor 
methods to estimate the probability of volcanic 
disruption of a repository-sized area in the Yucca 
Mountain area over the next 10,000 years.  

The simulation region used in the VOLCANO 
code (Lin et al., 1993) is an assumed area of 12
by 12-square kilometers around the repository.  
The origin of the simulation region is the upper 
right corner of Area 7. In the simulation system, 
the x coordinate ranges from -6000 meters to 6000 
meters, and the y coordinate from -7500 meters to 
4500 meters. Because the maximum length of a 
dike is assumed to be 4000 meters, this simulation 
system is sufficiently large to ensure that it will

include any magmatic events intercepting the 
repository.  

The current simulation model has several limita
tions. At present, effects of faults on magma 
activity are not considered in the VOLCANO 
code. At least two faults are known to be located 
in the area: the Ghost Dance fault passing 
through the repository and the Solitario Canyon 
fault west of the repository. Faults may localize 
magma ascent in the shallow crust if fault orien
tation corresponds to the current orientation of 
principal crustal stress (Nakamura, 1977). All 
these faults could localize magmatism and may 
influence dike occurrence in the repository area.  
The VOLCANO code needs to be improved by 
including magma events related to these faults.  
The model also considers only radioactivity 
release for intrusive and extrusive events. The 
consequence analysis has not taken into account 
the interaction between intruding magma and a 
perched body of water around the repository.  
However, Appendix E discusses an auxiliary 
analysis that considers the effect on saturated 
ground-water flow and water table elevation, at 
the regional scale resulting from intrusive dikes.  
Finally, the simulation model has not included the 
possibility of multiple eruptions. There is evidence 
of multiple eruptions (polycyclic activity) at some 
of the Quaternary-age cinder cones in the Yucca 
Mountain area (e.g., Crowe et al., 1992). The 
effects of this type of igneous activity remain to 
be included in the model.  

6.5.3.4 Summary 

A geometric simulation approach has been used 
to model the consequence of volcanism in the pro
posed repository. The model VOLCANO obtains 
the area of intersection between the repository 
and the area of an intrusive magma event occur
ring randomly in a region encompassing the 
repository. The actual geometry of the proposed 
Yucca Mountain repository is used as input to the 
model. Using the repository initial inventory as 
input, the area of interception is converted into 
the number of waste packages damaged from 
which the amount of radioactivity released into 
the atmosphere is calculated. The predictions of 
the VOLCANO model are used as input by the 
AIRCOM and SOTEC modules in the TPA corn 
puter code. The number of waste packages 
damaged by magma activity is used in computing 
the source term in the SOTEC module. The
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results of the radionuclide release calculations are 
used in AIRCOM (described in Section 2.1.3) to 
calculate human dose, and in the TPA executive 
module (Sagar and Janetzke, 1993), to calculate 
the total release. A detailed description of the 
VOLCANO code and its output is given in the 
VOLCANO User Guide (Lin c a!., 1993).  

6.6 Overall Conclusions and 
Suggestions for Further Work 

A number of conclusions were drawn from the 
disruptive consequence analyses. These con
clusions are summarized here, with specific 
recommendations for improvement during the 
next phase of IPA: 

1-Improve model for climate change.  

The current implementation for climate change is 
very simplistic, and should be updated. Currently, 
climate change is modeled as a change in the 
infiltration rate. The relationship between infil
tration and increased precipitation should be 
investigated. In particular, DeWispelare et a(.  
(1993) have compiled an expert elicitation about 
future climate at Yucca Mountain that may be 
used to improve the model. It is recommended 
that the climate change scenario take into account 
the most recent understanding of climate at 
Yucca Mountain and how climate relates to 
infiltration.  

2-Drilling model.: Consolidate calculations of 
radionuclide inventory.  

The drilling code calculates inventory, using the 
Bateman equations, and determines the inventory 
for the time of the earliest drilling event. Greater 
efficiency may have been attainable by calculating 
the evolution of the inventory one time only. The 
calculated inventory could be used by the source 
term, drilling, seismic, and volcanic models, rather 
than being repeated in several different modules.  

3-Drilling model: Allow multiple waste package 
failure times.  

The effect of drilling is predicted to be small rela
tive to the other releases calculated in IPA Phase 
2, in part because drilling affects only a small 
number of waste packages. However, for cases 
where there is both drilling combined with 
volcanism or seismicity, the source term model

predicts all failures occur at the earliest time for 
any event. This simplifying modeling assumption 
could lead to predictions of earlier and larger 
total releases when a later disruption (volcanic or 
seismic event) causes widespread failure of waste 
packages. The drilling code and source term code 
should be modified to allow multiple waste 
package failures at different times within the 
same run.  

4-Drilling model: Reduce number of parameters 
and tie sampled parameters to the extent qf drilling 
activity.  

The drilling model uses a total of 92 sampled 
parameters, to determine mainly the time of the 
drilling event, the repository area in which the 
drilling occurs, and whether or not the drill hole 
intersected a waste package. The purpose for gen
erating these parameters in the main sampling 
procedure was to avoid the necessity for generat
ing random variables at the level of a consequence 
module, and to maintaining tight control over all 
sampled parameters, for further statistical 
analysis. Unlike most of the other variables samp
led by the LHS procedure, the parameters used in 
the drilling model have little physical significance.  
Including these parameters in the statistical corre
lations did not yield meaningful results, and may 
have detracted from the correlations between per
formance and other sampled parameters. Possible 
alternatives to the present sampling of the drilling 
parameters might be to have the random sam
pling built into the drilling module, but relying on 
a random seed passed to the module as a sampled 
parameter generated from the system-level LHS 
routine. Alternatively, some of the analyses in the 
drilling code presently done in a Monte-Carlo 
fashion could be reduced to closed-form statis
tical formulae.  

S-Seismic model: Improve waste package failure 
model for mechanical and seismic input.  

The mechanisms for failure of waste packages 
from seismic shaking and buckling used in IPA 
Phase 2 were highly simplified, and design
dependent. The model was based on the response 
of a flexible beam rigidly attached to the ground 
and oscillating at a single frequency. Failure was 
caused by either contact of the waste package 
with the wall, or exceedance of stress at the point 
of attachment. A more mechanistic model of 
seismic failure would take into account a number 
of additional factors, including: (1) a realistic
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mechanical model of the waste package and its 
contact with the ground; (2) a spectrum of fre
quencies of ground motion; (3) the reduction in 
strength of the waste package walls predicted by 
realistic models for pitting, crevice, and general 
corrosion; (4) the mechanical contact between the 
waste package, rock, and backfill; (5) repeated 
mechanical response of the waste package tLo 
oscillatory forces; and (6) failure caused by the 
repeated responsive motion, including the degra
dation of the metal by fatigue, heat, and radiation.  
Seismic failure models for future iterations must, 
of course, take into account the most recent 
design of the waste package.  

6-Improve volcanism model in regard to probability 
and volcanic processes.  

As discussed in Section 6.5.3.3, the volcanism 
model presented is preliminary. Some assurnp
tions inherent in the VOLCANO code can be 
improved on through additional research. For 
example, the near-neighbor nonhomogeneous 
Poisson model used to generate the probability of 
magmatic activity for IPA Phase 2 is one example 
of a spatial model that accounts for cinder cone 
clustering in the region. Other models, such as 
Neymann-Scott and Poisson cluster models, 
should be explored, possibly as auxiliary analyses, 
with an emphasis on how they would be imple
mented in the future IPAs. Additional geologic 
information, including the role of volatiles in 
driving magma ascent, the importance of multiple 
dike intrusions, and the role of pre-existing struc
ture, also needs to be incorporated. Effects of

uncertainty in geochronological data, and related 
factors, need to be explored. Future models 
should incorporate these kinds of analyses to 
provide a robust and defendable estimate of the 
probability and effects of volcanic disruption.  

7-Improve volcanism model in regard to magma 
interaction with waste.  

In the VOLCANO module, only direct effects of 
magma interacting with the radioactive waste are 
considered. It is recognized that magma may have 
a number of indirect effects, such as changing the 
groundwater conditions, and accelerating the 
corrosion of nearby waste packages. It is recom
mended that the scope of consequence analyses 
be expanded to include indirect affects of a 
nearby volcanic event.  

8-Improve tracking of radioactive inventory in the 
VOLCANO module.  

The present version of VOLCANO keeps track of 
the radionuclide inventory by considering only 
simple decay of radionuclides present in the waste 
packages, with no generation of radioactive pro
geny. It does not keep track of radionuclides that 
have left the repository sub-area by the liquid or 
gaseous pathway. Although the latter assumption 
is conservative, ignoring the ingrowth of radio
active progeny of chain decay could underesti
mate radioactive releases of several radionuclides.  
VOLCANO should be updated to include the 
ingrowth of radioactive progeny in the source 
term.
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7 DOSE-ASSESSMENT MODULE

7.1 Background 

A major difference between the Iterative 
Performance Assessment (IPA) Phase 1 and IPA 
Phase 2 studies was the incorporation of a 
dose-assessment capability into the total-system 
performance assessment (TPA) computer code in 
IPA Phase 2. A dose assessment for the proposed 
repository at Yucca Mountain was not included in 
IPA Phase I for the following reasons. First, the 
U.S. Environmental Protection Agency (EPA) 
adopted, as its primary criterion for compliance 
with the containment regulations in 40 CFR 
191.131 (Code of Federal Regulations, Title 40, 
"Protection of Environment") a restriction on the 
quantity of any radionuclide that could be 
released to the accessible environment for 10,000 
years after permanent closure, not on the expo
sures of individuals or populations that might 
result from these releases. Second, it appeared 
there was little likelihood of any non-compliance 
with the individual dose provisions in 40 CFR 
191.15, "Individual Protection Requirements" (and 
therefore little need for a dose assessment capa
bility) because EPA calculations showed that 
radionuclides released from a geologic repository 
located in volcanic tuff would not reasonably be 
expected to expose any human being for at least 
1000 years after disposal. Section 191.15 restricts 
the annual dose to any individual only during the 
first 1000 years after permanent closure of the 
geologic repository operations area (GROA).  
Third, the staff believed that, if needed, existing 
computer codes for dose assessment could readily 
be assimilated into the TPA computer code.  

In its original form, the criteria to be used for 
licensing a geologic repository were published in 

'Currently, a revised set of standards specific to the Yucca Mountain 
site is being developed in accordance with the provisions of the 
Energy Policy Act of 1992. The Energy Policy Act of 1992 (Public 
Law 102-486), a pproved October 24, 1992, directs NRC to promul
gate a rule, modifing 10 CFR Part 60 of its regulations, so that 
these regulations are consistent with EPAs public health and safety 
standards for protection of the public from releases to the accessible 
environment from radioactive materials stored or disposed of at 
Yucca Mountain, Nevada, consistent with the findings and recom
mendations made by the National Academy of Sciences (NAS), to 
EPA, on issues relating to the environmental standards governing 
the Yucca Mountain repository. It is assumed that the revised EPA 
standards for the Yucca Mountain site will not be substantially 
different from those currently contained in 40 CFR Part 191, 
particularly as they pertain to the need to conduct a quantitative 
performance assessment as the means to estimate postclosure 
performance of the repository system.

1985 by EPA as: "Environmental Standards for 
the Management and Disposal of Spent Nuclear 
Fuel, High-Level and Transuranic Radioactive 
Wastes; Final Rule," 40 CFR Part 191 (EPA, 1985; 
50 FR 38066). On July 17, 1987, the U.S. Court of 
Appeals for the First Circuit in Boston vacated 
Subpart B of this 1985 version of 40 CFR Part 191 
and remanded the rule to the EPA for further 
consideration (see EPA, 1993; 58 FR 7924).  

In response to this action by the court, EPA 
published a final revision to 40 CFR Part 191 on 
December 20, 1993 (EPA, 1993; 58 FR 66398). The 
revised dose provisions included an extension of 
the period that applied to individual dose, from 
1000 to 10,000 years after disposal. This proposal 
would significantly increase the probability for a 
subsequent exposure of a member of the public to 
releases of radionuclides from the geologic reposi
tory. Under the Waste Isolation Pilot Project Land 
Withdrawal Act (Public Law 102-579) and the 
Energy Policy Act of 1992, this revision is not 
applicable to a potential Yucca Mountain reposi
tory. However, since the Energy Policy Act of 1992 
directed the EPA to evaluate a health-based 
standard based on doses to individuals, the staff 
believed that addition of a dose-assessment capa
bility in the TPA computer code for a potential 
Yucca Mountain site would be prudent.  

7.2 Basis for the Calculation of 

Human Exposures in IPA Phase 2 

7.2.1 Concept of the "Reference Biosphere" 

The NRC staff adopted a concept of a stable, or 
reference biosphere for its studies in IPA Phase 2 
(see Federline, 19932). A reference biosphere will 
provide a basis for quantification of dose. This 
"reference biosphere" implies that the locations, 
lifestyles, and physiology of persons who live and 
work in the vicinity of Yucca Mountain over the 
future periods of interest (up to 10,000 years and 
beyond) are difficult to predict. The environmen
tal pathways that could result in human exposure 
to ionizing radiation will remain unchanged from 
those that exist in today's biosphere. In IPA Phase 
2Federline, M.V, "U.S. Nuclear Regulatory Commission Staff Views 
on Environmental Standards for Disposal of High-Level Wastes," 
Unpublished Presentation to the NAS Committee on Iechnical 
Bases for Yucca Mountain Standards, Washington, D.C., May 27, 
1993.
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2, scenarios that impacted the geosphere at Yucca 
Mountain were assumed not to disrupt this 
reference biosphere.  

7.2.2 Similarity to Assumptions in 40 CFR 
Part 191 

The use of a "reference biosphere" in NRC's 
approach to dose assessment is similar to that 
taken by EPA during the development of the 
background information for 40 CFR Part 191 (see 
EPA, 1985; p. 7-1). EPAs approach to dose 
assessment for the final rule contained the follow
ing caveat: "... it is pointless to try to make precise 
projections of the actual risks due to radionuclide 
releases from repositories. Population distribu
tions, food chains, living habits, and technological 
capabilities will undoubtedly change in major 
ways over 10,000 years. Unlike geological proc
esses, they can be realistically predicted only for 
relatively short times ....." (op cit.) The conceptual 
model for the human physiology adopted by EPA 
included the concept of a present-day "reference 
man" (see International Commission on Radio
logical Protection (ICRP), 1975).  

EPA also proposed a definition for a "reference 
population" as another draft revision to 40 CFR 
Part 191 (see EPA, 1993). The "reference popu
lation" was defined as the entity of persons that, 
for 10,000 years after disposal, has the following 
features: (a) major population relocations or 
emergencies have not occurred; (b) the size of the 
(world) population is 10 billion; and (c) charac
teristics and behavior affecting estimates of 
radiation exposure and its effects are assumed to 
be as today; this includes level of knowledge, 
technical capability, human physiology, nutritional 
needs, societal structure, and access to pathways 
of exposure." 

7.2.3 Similarity to the Approach Taken by 
BIOMOVS 

The use of a "reference biosphere" in NRC's 
approach to dose assessment is also similar to 
that taken by a working group in BIOMOVS, the 
Biospheric Model Validation Study. BIOMOVS is 
a cooperative effort by the selected members of 
the international nuclear community to develop 
and test models that were designed to quantify 
the transfer and bio-accumulation of radioriu
clides in the environment (see BIOMOVS, 1992).

BIOMOVS recommends that long-term assess
ments of dose be based on the conceptual model 
of a "reference biosphere," that is analogous to 
the "reference-man" concept developed by the 
ICRP The participants in BIOMOVS believe that 
it is impossible to predict all the possible future 
evolutions (future states) of the biosphere. How
ever, they believe it may be possible to identify a 
comprehensive list of important features, events, 
and processes that are essential for safe disposal 
of high-level radioactive waste (HLW) in a geo
logic repository sited in the present-day environ
ments. The range of present- day environments is 
expected to bound the biospheres expected in the 
various future states. (Because of the diversity of 
nature, BIOMOVS recognizes that it may be 
necessary to define a number of different "ref
erence biospheres".) NRC staff is currently 
considering this concept.  

7.3 Computer Code Selected for Dose 
Assessment 

Human exposures in the IPA Phase 2 study were 
evaluated by DITTY (Dose Integrated for Ten 
Thousand Years) (see Napier et al., 1988a; pp.  
3-16-3-18), a new module added to the version 
of the TPA computer code. DITTY was selected 
for IPA Phase 2 because: (a) it could be used to 
calculate the relative variation in doses for the 
various scenarios used in Phase 2 (it does not 
predict the absolute doses for comparison with 
other performance-assessment studies); (b) it was 
easily interfaced to the outputs of other conse
quence modules used in the TPA computer code; 
(c) it could calculate population doses over 
durations of 10,000 years or more; and (d) it was 
available and could be executed with little further 
development.  

7.3.1 Overview of DITTY 

DITTY estimates the time integral of collective 
dose over a 10,000-year duration for releases of 
radionuclides to the accessible environment.  
DITTY can treat both chronic and acute releases 
of radionuclides. Only a few input parameters to 
DITTY can be entered as input variables at 
various times during the 10,000-year period. These 
include: 

* Annual releases of radioactivity to air and 
water;
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" The number of persons in the exposed 
regional population; and 

" The dispersion factors in the terrestrial and 
aquatic environments.  

DITTY breaks the 10,000-year duration into 143 
periods of 70 years (each period is considered to 
be the length of a human lifetime), and the total 
population dose is determined for each of the 143 
periods. The radioactivity present during any 
70-year period is the sum of the activity in the 
nuclides released during that period and the 
residual radioactivity in the environment caused 
by releases in previous periods.  

In IPA Phase 2, the exposure pathways to the 
accessible environment that were of interest are 
illustrated in Figure 7-1. These include: the at
mosphere, land surfaces, the top 15 centimeters of 
surface soil, vegetation, animal products (milk, 
beef), and drinking water. Aquatic pathways were 
not considered in this study because they are not 
credible pathways near Yucca Mountain. The 
quantities of radionuclides released from the 
repository that move into the environmental 
media along these pathways are used to calculate 
concentrations and dose in the reference bio
sphere. DITTY cannot calculate concentrations of 
radionuclides in the lithosphere or the ground 
water contained therein.  

For IPA Phase 2, the annual releases to the air or 
water pathways at selected times, during the 
10,000-year period of regulatory interest (the 
source terms), were provided as input to DITTY 
by other TPA computer code modules in the form 
of average annual concentrations. Up to 450 of 
these paired values can be entered as an input file 
(e.g., as curies per year/time or curies per 
volume/time). The values for these concentration
time pairs were obtained as outputs directly from 
the NEFJIM4N module, or indirectly, from the 
C14, DRILL02, and VOLCANO modules (see 
Figure 2-1).  

DITTY calculates the downwind regional air 
concentrations as the product of the release rate 
of radionuclide (from the ground surfaces above 
the geologic repository into the atmosphere) and a 
dispersion factor, commonly designated as X/Q.  
For waterborne releases, in addition to the calcu-

lation of collective doses, DITTY will identify that 
70-year period when the individual lifetime (70
year) dose is highest.  

7.3.2 General Approach to Dose 
Calculations in DITTY 

A calculation of internal dose to a human-body 
organ in DITTY can be visualized as the product 
of four parameters, so that for any single 
radionuclide: 

D = C x FTC x U x DCF, 

where D is the dose to a body organ from the 
radionuclide per year of intake; C is the concen
tration of radionuclide in a specific media (e.g., 
curies per kilogram of pasture grass eaten by beef 
cattle); FIC, is identified in DITTY as the food
transfer coefficient, is a dimensionless factor that 
expresses the distribution ratio of a radionuclide 
between two media at steady-state (e.g., the ratio 
of the steady-state concentration in the edible 
tissues of the beef cattle to the steady-state 
concentration in pasture grass); U is the human
or animal-use factor (e.g., kilograms of beef eaten 
per year) for the media; and DCF (dose con
version factor) is the quantity that will convert 
radioactivity ingested or inhaled into dose (e.g., 
rem/curie). The DCF values and the FT/C values 
used in this study, which are described in Section 
7.7, are different from values in the original 
DITTY databases.  

7.3.3 Calculation of Total Dose in DITTY 

The total population dose is expressed in terms of 
an Effective Dose Equivalent (EDE). This dose is 
the sum (over all organs) of internal and external 
doses that result from direct radiation or uptakes 
of radionuclides into the human body along the 
pathways illustrated in Figure 7-1.  

Internal doses to body organs can result from the 
inhalation of airborne radioactivity or from the 
ingestion of radionuclides in contaminated food 
and water. In DITTY, these organ doses are 
multiplied by a risk-based weighting factor to give 
"effective" organ doses (i.e, committed EDE). The 
values used for these organ-weighting factors in 
DITTY are the same as those given in ICRP-26 
(ICRP, 1977). All internal doses are integrated 
over the 50-year period that follows an intake of
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radionuclides (i.e., for a dose-commitment period 
of 50 years in the human body). The integrated 
dose is formed from the sum of the doses to six 
designated body organs and to the five remaining 
organs with the highest doses.  

External exposures can result either from submer
sion of the human body in airborne radioactivity 
or from exposure to direct radiation (ground 
shine) that emanates from the surface of contami
nated soil. In DITTY, organ doses caused by ex
ternal exposures are expressed in terms of the 
EDE, instead of the more common dose equiva
lent quantities. A special energy-dependent dose 
factor (rem/rad) is used in DIT'IY to convert 
external doses to the body surfaces to deep organ
doses (Kocher, 1981). The use of these conversion 
factors in DITTY has preceded any guidance by 
the Commission on acceptable methods for 
calculation of EDE from external photon and 
particulate radiation.  

7.3.4 Selection of DITTY Model Parameters 

For IPA Phase 2, default values for the model 
parameters from DITTY were used in the dose
assessment models unless indicated otherwise.  
Probability density functions were not defined, 
and Latin Hypercube Sampling (LHS-discussed 
in Chapter 2, "Total-System Performance Assess
ment Computer Code") was not attempted for any 
parameter used in the dose-assessment models.  
This was done intentionally to focus attention on 
the magnitude of the uncertainties introduced into 
the resulting doses by the collective uncertainties 
associated with the source term and geosphere 
models used in IPA Phase 2. In the future, it will 
be necessary to estimate site-specific values for 
the DITTY model parameters to make the most 
meaningful calculations of dose. In many cases, a 
literature study should be sufficient to select these 
values. However, for those radionuclides that are 
major contributors to the dose, laboratory and 
field studies may also be desirable. Sensitivity 
studies, similar to those conducted in other IPA 
Phase 2 modules (see Chapter 9, "Sensitivity and 
Uncertainty Analysis"), should also be carried out 
for parameters in the biosphere models. In this 
way, the parameters that significantly influence 
the magnitude of the doses and that may require 
further study in the field may be identified.

7.4 Differences From Internal 
Dosimetry Models in ICRP-30 

The major differences of the biokinetic models in 
DITTY from those in ICRP-30--"Limits for 
Intakes of Radionuclides by Workers" (ICRP, 
1979)-are found in the computer program 
GENMOD. GENMOD (Johnson and Carver, 
1981), which was adapted directly from ICRP-30, 
incorporates additional models other than those 
developed by the ICRP (such as the alkaline earth 
model, the MIRD iron model, and the 14C model).  
GENMOD was used to generate databases that 
include values for the following metabolic param
eters for each radionuclide used in DITTY: organ 
uptake, transfer coefficients from compartment to 
compartment, and elimination rates from com
partments. The metabolic models for carbon 
assume it is inhaled as carbon dioxide gas, and 
that ingested carbon is in the form of carbohy
drates that are readily absorbed through the gut 
and rapidly distributed throughout the body.  

Although metabolic parameters for various ages, 
sexes, and ethnic groups were not available when 
this study was undertaken, they may require 
further consideration when guidance for members 
of the public becomes available. A rough estimate 
of the variation of lifetime dose with the age of 
initial exposure may be inferred from the State
ment of Considerations for the final rule for 
10 CFR Part 20 (Code of Federal Regulations, Title 
10, "Energy") which notes that "... those organs 
for which age dependency is important, such as 
the thyroid gland, are of lesser importance 
because of the lower w7' values [risk-weighting 
factors] ... used to calculate the effective dose. A 
factor of 2 is included ... which, in part, accounts 
for age dependency ..... " (NRC, 1991; 56 FR 23390).  
This appears to be a reasonable assumption, 
given the observation recently made by Charles 
and Smith (1991, p. 10) that "... the generally 
higher committed doses per unit intakes for 
non-adult age groups are in the main cancelled by 
the lower consumption of foodstuffs ..... " 

7.5 Selection of DCFs for this Study 

7.5.1 DCFs for Ingestion and Inhalation 

In IPA Phase 2, the DCFs' values were assumed to 
be without bias and of the highest precision.  
Since it was assumed that a "reference man" in a 
"reference biosphere" was exposed over the
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10,000-year period when radionuclides were 
released from the geologic repository, the same 
DCFs were used for calculations of dose during 
each of the 70-year human lifetimes considered in 
DITTY. The DCFs for the radioactive daughters 
that are produced in vivo were generally also 
described with the same metabolic parameters as 
those for the parent radionuclide.  

The DCFs for inhalation and ingestion, used in 
IPA Phase 2, which were prepared by Dr. Paul 
Rittman of Westinghouse Hanford Company, 
from the revised computer code INTDF (Version 
1.483) (see Napier et al., 1988a; pp. 3-13-3-16), 
are the "worst-case" values. These parameters, 
which pertain to each radionuclide used in 
DITTY, maximize either the inhalation dose by an 
intentional selection of the chemical form with the 
worst-case solubility in the lung, or the ingestion 
dose, by selection of the chemical form that re
sults in the largest uptake in the small intestine (fl 
value) for each radionuclide, or both. When nor
malized to an annual basis, the DCFs generated 
by INT7F, a DITTY sub-routine, are essentially 
the same as those reported in EPNs Federal 
Guidance Report No. 11 (i.e., to within two sig
nificant figures, but with a few differences for very 
short-lived nuclides) (EPA, 1988).  

The dose-commitment period for all DCFs used 
in this study is 50 years. This is consistent with 
10 CFR Part 20 and also with the recommenda
tions of both national and international com
mittees on radiation protection. A 50-year dose
commitment period was also suggested by EPA 
for Appendix B of 40 CFR Part 191 (see EPA, 
1993; 58 FR 7936). Since DITTY assumes that an 
individual will experience an annual intake of 
radionuclides during each year of his 70-year 
lifetime, the use of this 50-year dose commitment 
period will overestimate his lifetime dose for those 
radionuclides with a long biological half-life (but 
in no case by more than a factor of 2).  

7.5.2 DCFs for External Exposure 

The DCFs for air submersion and for direct radi
ation exposure to radionuclides deposited on land 
surfaces (ground shine) were used in this study 
are unchanged from those as found in the 
databases of the DITTY code. These values will 
be reviewed when EPA publishes Federal Guid
ance No. 12 (in preparation), a tabulation of dose

coefficients for external exposure to photons and 
electrons emitted by radionuclides distributed in 
environmental media.  

7.6 Selection of Parameters for the 
Ingestion Pathways 

The bases for selection of data used in the 
terrestrial-ingestion pathway models of DT77Y 
are discussed below.  

7.6.1 Drinking-Water Parameters 

The original version of the database BIO
AC].DAT contained factors to simulate the treat
ment of drinking water by a municipal water
treatment plant. For IPA Phase 2, drinking water 
was assumed to be taken from a surface well 
without any treatments to remove radionuclides 
(all treatment factors were set to a value of 1).  
This is equivalent to the assumption that the 
concentration of a radionuclide in drinking water 
has the same concentration as it had in the 
ground water that feeds the well. The IPA Phase 2 
analysis did not consider mitigating measures 
available in present-day technology. These meas
ures may include devices to monitor waterborne 
radiation or procedures, such as water treatment 
or condemnation of the well.  

7.6.2 Food-Transfer Parameters 

The documentation in DITTY does not identify 
the sources of the soil-to-food transfer parameters 
stored in the DITTY file EIJRANS.DAT. The 
User's Manual for DITTY indicates that the "...  

sources of these parameters are to be published in 
a separate document" (see Napier et al., 1988b; 
pp. 2.28-2.29). Since literature citations were not 
available during IPA Phase 2, FTRANS.DAT 
parameters were replaced by "generic" param
eters taken from the well-known study by Baes et 
al. (1984).  

The "Baes" parameters used in this study (Br, Br, 
Ff, and Fro) are based on clearly-defined proto
cols that were used to select them from the 
multiplicity of experimental values reported in the 
literature. For example, for the soil-to-crop values, 
the Baes et al. study attempted to select concen
tration ratios that were based on detailed litera
ture studies in which the soil and plant concen
trations were both measured at "edible maturity' 
of the plant. These literature citations show that
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large variations (orders of magnitude) of these 
parameters in various environmental settings are 
not uncommon, and therefore most studies use 
site-specific values to increase the reliability of 
dose estimates.  

The DIT7Y parameters for each chemical clement 
that was stored in the file FITIANS.DAT were 
replaced by the following types of" Baes param
eters (dry-weight to dry-weight basis): 

"* A 1B value (Bacs et al., 1984; Figure 2.1) 
replaced each soil-to-lealy-vegetable concen
tration ratio; 

The same Br value (op cit., Figure 2.2) 
replaced each of the four soil-to-edible-crop 
concentration ratios (these crops are vege
table, root, grain, and fruit); 

" A Ff value (op cit., Figure 2.25) replaced the 
feed-to-meat transfer coefficient; and 

" A F,,, value (op cit., Figure 2.24) replaced the 
feed-to-milk transfer coefficient. The poultry 
and egg pathways were not used in the IPA 
Phase 2 studies, and therefore these food
transfer coefficients were not modified.  

These new values, which are stored in a new file 
UII4JNS.CFB, were used for all calculations of 
dose in IPA Phase 2.  

The leaching factors for soil in FITRANS.CFB are 
unchanged from the values in PTIIINS.DAT. The 
magnitudes of the leaching factors in DITTY are 
directly proportional to the percolation rate of 
water through the rooting zone and into deeper 
soil layers (an over-watering term of 15 
centimeters/year was assumed in DITTy). In IPA 
Phase 2, small variations in the leaching factors 
for very mobile radionuclides (e.g. technecium 
and iodine), were shown to have a significant 
impact on the cumulative magnitude of dose. For 
models like DI'TY, that involve long-term 
deposition of radionuclides in soil, the leaching 
factors should be obtained from site-specific 
investigations, to properly characterize the 
retention of radionuclides in soil and their 
biological availability to crops (International 
Atomic Energy Agency (IAEA), 1982).

7.6.3 Growing-Season Parameters 

The site-specific agricultural parameters for 
Yucca Mountain that were entered as input data 
to DITTY included: the length of the growing 
season, the irrigation rate for crops during the 
growing season, and the yields of the various 
types of crops. The lengths of the growing season 
depend on the crop type. One of the most impor
tant crops in Nevada is alfalfa, which can grow up 
to 250 days each year and produce up to eight 
30-day harvests each year. For most vegetables, 
the first growing season begins in February and 
ends in early-March; the second season begins in 
mid-August and ends in mid-October. Very little 
appears to grow during the hot, dry summer 
months between late-May and late-August (Mills, 
1993).  

The lengths of the growing period selected for this 
study were: For leafy vegetables, 45 days; for 
"other" vegetables, 90 days. For alfalfa, and for 
those pasture grasses that are consumed as by 
animnals as forage, the growing season was taken 
as 30 days (Kennedy and Strenge, 1992; Table 
6.12).  

7.6.4 Irrigation Rate for Crops 

The State of Nevada issues water-use permits that 
limit the maximum pumping rate from wells in the 
vicinity of Yucca Mountain to 127 liters/month/ 
square meter (- 152 centimeters/year) of irrigated 
land (Personal comm., Nevada State Engineer's 
Office). For areas within 100 kilometers of the 
geologic repository, the irrigation period was 
assumed to coincide with the average length of the 
growing season (i.e. 60 days). Irrigation was 
assumed to proceed at the maximum pumping 
rate allowed by the water permit (see "Rate of 
Irrigation" in Section 7.8.2).  

7.6.5 Crop Yields (Human Consumption) 

The yields of the irrigated crops (in kilograms per 
square meter), and the quantities consumed by 
humans (in kilograms per year, in parenthesis) are 
taken from Tables 6.14 and 6.15, respectively, in 
Kennedy and Strenge (1992, Vol. 1). The values 
used in DIT'IY are: leafy vegetables, 2.0 (11); 
"other" vegetables, including grains, fruits and 
root vegetables, 4.0 (172); the pasture grasses and 
alfalfa that fatten beef cattle and leads to milk 
production, 1.5 (milk, 100 kilograms/year and 
beef, 59 kilograms/year). These values are not
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inconsistent with those found to grow in Nevada 
lowlands (Nevada Agricultural Statistics Service, 
1988).  

Milk cows are assumed to consume vegetation at 
the rate of 55 kilograms/day and beef cattle at 68 
kilograms/day. Milk cows are assumed to drink 
water at the rate of 60 liters/day and beef cattle at 
50 liters/day. These parameters are default values 
in DI'TY (found in data statements).  

7.7 Selection of Parameters for the 
Inhalation Pathways 

7.7.1 Meteorological Data 

The meteorological data selected for DIT7T was a 
composite of the annual averaged STAR (Stability 
Array) data measured by the National Occano
graphic and Atmospheric Administration between 
1986 and 1990, at Station Number 03160, Desert 
Rock, Nevada, which is 935 meters above sea level 
(U.S. Department of Commerce (USDC), 1992).  
Data were available for seven stability classes, six 
wind speeds and for 16 compass directions. Data 
from this particular location were selected 
because of their availability. These data was used 
to calculate the concentrations of airborne 
radionuclides in the region surrounding the 
geologic repository.  

All releases of radioactivity from the geologic 
repository were assumed to occur at ground level 
and to disperse radially out to a distance of 
100 kilometers. (The distance between radial seg
ments illustrated in Figure 7-2 is 20 kilometers.) 
A Gaussian plume model was used to convert 
releases of radioactivity to long-term, sector
averaged X/Q values (expressed in units of sec
onds per cubic meter released). In this study, X/Q 
values were estimated by DITTY at the following 
distances: 2.5, 7.5, 15, 30, 50, 70, and 90 kilome
ters. These distances are measured radially from 
the release point in the GROA to the midpoints 
of the wedge-shaped sectors shown in Figure 7-2 
(e.g., a mid-point distance of 30 kilometers 
(North) is midway between the 20-kilometer 
(North) and 40-kilometer (North) distance 
intervals).  

7.7.2 Regional Population Distribution at 
Yucca Mountain 

The size of the regional population exposed to 
airborne releases of radioactivity was assumed to

be stable throughout the entire 10,000-year period.  
Members of this population were located at the 
mid-points of the wedge-shaped sectors shown in 
Figure 7-2 (i.e., those distances identified in Item 
(1), above).  

The dispersion studies were extended to 100 kilo
meters, to include the 5500 persons who were 
residents of the city of Pahrump in 1988. This 
regional population distribution in Figure 7-2 was 
taken from Logan et(i. (1982) and was updated 
with information obtained from DOE's 1988 Site 
Characterization Plan (see DOE, 1988; Table 
3-21).  

7.8 Application of the Dose
Assessment Methodology to Yucca 
Mountain: Biosphere Scenarios 

7.8.1 Application of the "Critical-Group" 
Concept 

Whenever a radiological assessment is undertakc 
before the operation of a new nuclear facility, the 
specific individuals who may receive the highest 
exposures and greatest risks in future time cannot 
be identified. In these circumstances, it is appro
priate to define a hypothetical critical group (i.e., 
those persons who receive the highest exposures) 
because this approach avoids the need to forecast 
future lifestyles, attitudes to risk, and develop
ments in the diagnosis and treatment of disease.  
In principle, the critical group should be defined 
by age, sex, and ethnic origins since intakes, 
metabolism, and dosimetry of radionuclides are 
all strongly conditioned by these factors (IAEA, 
1982). As noted in Section 7.4, a rough estimate of 
the variation of lifetime dose with the age of ini
tial exposure may be inferred from the Statement 
of Considerations for the final 10 CFR Part 20 
rule.  

7.8.2 Hypothetical Biosphere Scenario: 
Waterborne Release 

Section 191.15 of 40 CFR Part 191 requires that 
"... all potential pathways ... from the disposal sy' 
tern to people shall be considered ... including tL 
assumption that individuals consume 2 liters/day 
of drinking water from a significant source of
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ground water outside of the controlled area." A 
contemporary farm family of three persons was 
selected as the hypothetical critical group, to 
illustrate the capability for dose assessment that 
was incorporated into the TPA computer code in 
IPA Phase 2.  

Location: The hypothetical family is assumed to 
maintain a year-round residence on an average
sized farm (approximately 1093 hectares) located 
at the boundary of the controlled area (10 CFR 
60.2) that surrounds the geologic repository at 
Yucca Mountain. Contaminated water pumped 
from a local well irrigates two areas on tlhis farm: 
a 88-hectare tract, an area which is set aside as 
irrigated pasture land for calves (yearlings) and 
other cattle (agricultural statistics for Nevada for 
the 1987-88 period estimates that approximately 
100 farms, with a irrigated land area of 12,146 
hectares, are irrigated in Nye County); and a 
fenced-in tract of 1.2 hectares, which is used to 
grow a large portion of the family vegetables 
(leafy and other), fruits and grains for home 
consumption (the growing periods and yields of 
crops, and the human consumption of meats and 
crops were adopted from Kennedy and Strenge 
(1992, Tables 6.12-6.15)). The remaining 1004 hec
tares of un-irrigated and un-contaminated land 
are used to graze mature beef cattle.  

Drinking Water: Each member of this contempo
rary family is assumed to obtain all of his/her 
drinking water (2 liters/day of drinking water for 
365 days/year) from a contaminated well at the 
boundary of the controlled area. The composition 
of this well water is assumed to be similar to that 
found in U.S. Geological Survey Well J-13. Well 
J-13 is located approximately 13 kilometers 
southeast from the controlled area boundary of 
the repository. The current capacity of the pump 
at Well J-13 is 2385 liters/minute (maximum) 
which is approximately 4 million liters/day (see 
Czarnecki, 1992; Table 1).  

Rate of Irrigation: Fluxes of radionuclides to the 
well used by the farm family emanate from the 
seven subareas in the model of the repository for 
the Yucca Mountain site, as depicted in Figure 
4.6, and are calculated by the TPA computer code 
that invokes the models for source term releases, 
flow, and transport. The seven geologic repository 
sub-areas have different physical and chemical 
properties that govern the times of release of the

radionuclides from the waste form and the travel -
time through the geosphere. Thus, the concentra
tion of the radionuclides in the well at the point of 
use by the farm family is a complicated function 
of time.  

To obtain the concentrations of radionuclides in 
the contaminated well water after a waterborne 
release, the fluxes of radionuclides in the aquifer 
(calculated at the location of the well) were di
luted to a volume of 4 million liters/day. Approxi
mately 4 millon liters/day would be required to 
irrigate the garden plot and the pasture area (88 
hectares irrigated at a rate of 127 liters/square 
meter-month). This dilution flow was considered 
consistent with the water usage by the farm family 
and for stock watering. These concentrations were 
calculated at selected times during the 10,000-year 
period of study and were used as input to DITTY.  

Consumption of Foods: Reports by the USDC 
indicate that no farms in Nye County sell dairy 
products for profit (USDC, 1989; p. 138). The 
farm family is therefore assumed to own cows 
only to provide dairy products for their own 
consumption. Of the 136 farms identified in Nyc 
County in 1987, only eight farms raised poultry, 
and only nine farms raised hogs and pigs (op cit.).  
The family is assumed to purchase pork, poultry, 
eggs, and small quantities of fruits, vegetables, 
and grains at a local supermarket supplied with 
un-contaminated foodstuffs by a distributor from 
another geographical area. The family is assumed 
to consume 100 percent of their beef and milk 
from farm animals that feed on vegetation irri
gated by contaminated well water.  

Inside/Outside Activities: Annually, the hypothetical 
person is assumed to spend 6424 hours (73 per
cent) inside his home (TV, sleep, etc.), and to 
spend 2336 hours outside the home (farming, 
herding cattle, and recreation). If the hours spent 
inside the home are weighted by a shielding factor 
of 0.5 (NRC, 1977; p. 43) and added to the hours 
spent outside, the effective time that this person 
would be exposed to external ionizing radiation 
(ground shine and submersion in airborne radio
activity) would be 5548 hours/year.  

Exported Beef Cattle: Beef cattle (60 percent 
mature and 40 percent calves) sold for profit ar 
assumed to obtain 100 percent of their feed frol 
the contaminated vegetation raised on the 88 
hectares of irrigated pasture land on the family
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farm. Half of the these animals (43 calves and 32 
cattle), that are exported off the farm and sold for 
profit each year, are estimated to produce 10,377 
pounds/year of edible beef. This quantity of beef 
will feed 177 persons/year, if it is assumed that 
one person consumes 129 pounds (59 kilograms) 
of beef each year (approximately 1 hamburgers/ 
day every day of the year).  

7.8.3 More Realistic Biosphere Scenario: 
Waterborne Release 

A more realistic biosphere scenario would involve 
exploitation of ground waters near Yucca Moun
tain, to supplement the municipal water supply 
for regional populations. Water consumers in the 
region would then form the critical group whose 
doses would be limited by an individual protec
tion standard (Federline, 1993). This scenario may 
be explored further in future IPA analyses.  

7.8.4 Hypothetical Biosphere Scenarios: 
Airborne Releases 

Mechanisms of Release to the Atmosphere: In I PA 
Phase 2, contaminated soil (or gaseous 14C) was 
assumed to be transported to the ground surface 
above the repository as a result of disruptions of 
the geologic repository either by human intrusion 
(e.g., by exploratory drilling) or by an extrusive 
volcano (only for cone magma events). As many 
as 20 radionuclides might contribute to the radio
activity in this contaminated soil. During the 
10,000-year period in this study, the times that the 
releases to the atmosphere from the contaminated 
ground surface could occur are governed by 
model parameters. The time of release is therefore 
a variable, because it depends on the particular 
vector set used to generate the dose for any given 
scenario (these times and the vector sets are de
termined by LHS sampling of appropriate model 
parameters).  

Only a fraction of this released radioactivity was 
assumed to become available for transport by the 
air pathway to members of the public beyond the 
controlled area of the repository. The fractions of 
the radioactivity that were assumed to become 
airborne were: 0.04 for the human intrusion sce
narios; 0.30 for the magmatic eruption scenarios; 
and 1.0 for the 14C scenarios. (These values were 
stored in the AIRCOM module of the TPA com
puter code (see Section 2.1.3).) All the airborne

radioactivity was assumed to be respirable 
(whether in the solid, liquid, or gaseous states).  
Any radioactivity that did not become airborne 
was considered to remain undisturbed at the 
point of release to the above-ground surface.  

The N RC staff made preliminary estimates of the 
fractions of radioactivity, released from the 
human intrusion and volcano scenarios, that 
became airborne. For the human intrusion 
scenario, a company that manufactures drill bits 
advised the staff that for a large hole, which was 
drilled into a hard formation such as granite, 
approximately 25 percent of the drilling would 
pass through a 200-mesh screen. (This means that 
25 percent of the cuttings would be smaller than 
62 microns). The staff assumed that the grain 
sizes of cuttings below 62 microns followed a 
uniform distribution. From a typical plot of grain 
size versus cumulative percentage of cuttings 
retained in the various-sized sieves (e.g., see 
Freeze and Cherry, 1979; p. 351), the staff esti
mated that one-sixth of this material would be 
smaller than 10 microns. It follows that roughly 
4 percent of the total mass of the drill cuttings 
would be smaller than 10 microns (25/6 = 4 per
cent). For the volcano scenario, the NRC staff 
obtained the respirable airborne fractions from 
Fisher and Schmincke (1984). For "explosive" 
volcanic eruptions, they claim that between 10 to 
30 percent of the material that becomes airborne 
is smaller than 10 microns.  

Calculation of Dose for Airborne Releases: The se
quence of calculations by the TPA computer code 
that results in an estimate of the doses to the 
regional population (or the farm family) after ex
posure to an airborne release of radioactivity 
from the geologic repository is as follows. First, 
the consequence modules DRItL02, VOLCANO, 
and C14 calculate the quantities of radionuclides 
in contaminated soil (or gaseous 14C) that are 
released to the ground surface in any given year.  
These quantities of surface radioactivity are then 
multiplied by the corresponding fractions stored 
in the AIRCOM module to generate the quantities 
of radioactivity that becomes airborne and respir
able during that year. These latter values are in a 
format that is compatible with the DJT7Y module 
(curies per year released to air at various times).  

DIT7TY calculates the concentrations of radio
nuclide in the various media (refer to Figure 7-1) 
that result from an airborne release and converts
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these to dose. The semi-infinite plume model was 
used to calculate doses caused by submersion in 
contaminated air. For this exercise, wind speeds 
measured at the Desert Rock Station were not 
corrected to ground-level.  

Airborne Releases of 14C: The models for 1'4C 
(gaseous release), human intrusion, and magmatic 
eruption were used to estimate the releases of gas
eous 14C to the atmosphere. Eventually, all of the 14C that escapes from degraded waste package 
canisters emplaced in the repository is assumed to 
travel through the geosphere and to be gradually 
released to the atmosphere as carbon dioxide gas.  
In DITTY, this 14C is further assumed to be in
corporated into vegetation by the photosynthesis 
process, with a resulting specific activity in the 
plant that is identical to that in the contaminated 
atmosphere. DITTY also assumes that 10 percent 
of the specific activity in soil is transferred to the 
edible plant, to augment the photosynthesis 
process.  

In Section 4.3, the releases of 14C were estimated 
to occur over an area of several square kilometers.  
But, in this study, all 14C releases to the atmo
sphere were assumed to emanate from a point 
source located at the approximate center of the 
GROA. The exposure values reported in IPA 
Phase 2 for 14C are therefore expected to over
estimate collective dose, since the concentrations 
of gaseous 14C from the area source would be 
more diffused, and therefore smaller, than those 
from a point source.  

7.9 Conclusions and Possible 
Considerations for Future Dose 
Assessments 

7.9.1 Conclusions 

Although dose-related parameters were not sam
pled in this total-system performance assessment, 
the uncertainty inherent in the dose assessment 
calculation can be significant, and adds to the 
uncertainty being propagated in the release 
model. Much of the uncertainty in dose is associ
ated with inherent uncertainties in the param
eters used for the human physiology and environ
mental pathway models in the DITTY computer 
code. The DCF may not always reflect the indi
vidual differences (e.g., age, metabolism, sex, etc.)

in human response to ionizing radiation. The 
parameters used in this study for the environ
mental pathway analyses are not always site
specific, and furthermore, are considered to be 
invariant in space and time. Nevertheless, the 
results of the dose assessment provide valuable 
insights regarding the performance of the geologic 
repository, and are summarized below: 

" A gaseous release of 14C makes a significant 
contribution to the Normalized Release,3 but 
its corresponding impact on the cumulative 
population dose is insignificant.  

" The radionuclides that made the largest con
tributions to the population doses (accumu
lated over 10,000 years) were: 94Nb, 2 1°Pb, 243Am, and 237Np. (Refer to Section 8.3.2. for 
additional discussion.) 

" The scenario classes most likely to impact 
dose were those composed of some combina
tion of the following independent events: 
drilling into a waste package canister, plus a 
change in climate, plus a seismic event.  
(Refer to Figure 9-7b in Section 9.3 and the 
discussion of climate in Section 9.2.3 for 
additional discussion.) 

" The average annual inhalation dose to an 
individual in the Yucca Mountain region was 
negligible compared to the average annual 
dose caused by the ingestion of contaminated 
drinking water and locally-grown contami
nated food (both averaged over a 10,000-year 
period as discussed in Section 9.6).  

"* Further data development and site character
ization are desirable, if not necessary, to help 
reduce the uncertainty in many important 
parameters in the biosphere model (such as 
the leaching rates in soil).  

7.9.2 Considerations for Future Dose 
Assessments 

The following recommendations should be con
sidered for adoption in future dose assessments 
that might be conducted by the staff as part of its 
IPA work.  

3Defined as cumulative total releases of radionuclides at the accessi
ble environment. See Section 8.1.
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I -Improve the DITTY dose-assessment model 

Display the results of close assessments with 
multi-dimensional plots (cumulative and 
organ doses should be functions of both the 
type of radionuclide and the exposure 
pathway).  

" Re-calculate the DCFY used in IPA Phase 2, 
to obtain a more accurate estimate of popula
tion doses for long-lived radionuclides (as 
discussed in Section 7.6).  

" Verify that the model parameters currently 
used in DITTY are applicable to the Yucca 
Mountain site; identify the ranges of these 
parameters.  

2-Evaluate other dose-assessment computer codes 

"• Evaluate other computer codes that could be 
used to estimate long-term individual and 
collective exposures and that should be 
explored if dose becomes a performance 
requirement. One code that has these capa
bilities to be explored is GENII-S (see Leigh 
et al., 1993). Many of the databases in this 
code are common to the DITTY code used in 
this study.  

" Evaluate atmospheric dispersion (or 
diffusion) models that can calculate

atmospheric concentrations caused by 
releases of radionuclides from area sources.  
These models could be used to obtain better 
dose estimates for releases of gaseous 14 C.  

"Evaluate atmospheric dispersion models that 
consider aerosols of a variety of particle sizes., 
shapes, and densities.  

"* Evaluate demographic models that can pro
ject the growth of a population. This feature 
would be useful for calculation of collective 
dose.  

" Evaluate methods employed by international 
organizations for calculation of dose into the 
far future (e.g., BIOMOVS and the Nuclear 
Energy Agency).  

"* Incorporate the "1990 Recommendations of 
the International Commission on Radiolog
ical Protection" (ICRP, 1990), into the codes 
used for dose calculations, when adopted by 
the Agency.  

3-Conduct sensitivityluncertainty analyses 

* Apply the statistical sensitivity and uncer
tainty methodology developed in IPA Phase 2 
for the geosphere models to the dose
assessment models.
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8 SENSITIVITY AND UNCERTAINTY ANALYSIS 1

8.1 Introduction 

The purpose of sensitivity and uncertainty analy
ses is to gain an understanding of the relation
ships between the repository performance meas
ures and the input parameters used to formulate 
the models. The overall performance measures for 
the geologic repository used in the Iterative Per
formance Assessment (IPA) Phase 2 analysis are 
cumulative total releases of radionuclides at the 
accessible environment (Normalized Release) and 
doses to the exposed population (Effective Dose 
Equivalent). Because of the complexity of the 
systems comprising a geologic repository, it is not 
usually possible to develop exact analytical ex
pressions for the functional relationship between 
repository performance and the input parameters 
used to formulate the models. Empirical relation
ships may be inferred by inspecting the model 
performance measures and input parameters in a 
variety of ways. This section will illustrate a num
ber of techniques used for determining the rela
tionships among parameters and their importance 
to the model performance.  

Performance assessments for the geologic reposi
tory are based on conceptual models, embodied 
as computer programs, and measured field and 
laboratory data. Because of the inherent varia
bilities and sparsity of the measured data and the 
underlying uncertainty concerning the processes 
included in the models, the results of any per
formance assessment have significant uncertainty.  
An important aspect of conducting a performance 
assessment for a geologic repository is quantifying 
the sensitivity of the results to, and the uncer
tainty associated with, the values of the input 
parameters. An analysis of model sensitivity will 
provide information concerning which input 
parameters are most important to the results. A 
better understanding of those parameters that 
have the most influence on the results can hope
fully lead to improvement in the models. Likewise, 
from a review standpoint, identification of the 
most sensitive parameters provides a means of 
comparing and evaluating different performance 
assessment models and indicates where reviews of 

'The figures shown in this chapter present the results from a demon
stration of staff capability to review a performance assessment.  
1These figures, like the demonstration, are limited by the use of 
many simplifying assumptions and sparse data.

data should be concentrated. This section dis
cusses how variation in model output reflects 
variation in the input parameters.  

8.2 Overview of Techniques and 

Methods 

8.2.1 Background 

A variety of techniques have been used to quan
tify the uncertainty and sensitivity in complex 
models for assessing radiological impact on man 
and the environment. These include: the Monte 
Carlo method (Helton 1961); fractional factorial 
design (Cochran, 1963); differential analysis (Bay
butt et at., 1981); response surface methodology; 
Fourier amplitude sensitivity (Helton et al., 1991); 
and the Limit-State Approach (Wu et al., 1992).  
No one technique is definitive and several can be 
used together to evaluate total-system perform
ance assessments. Because comparisons of the 
methods employed in each approach may be 
found in several works (Zimmerman et al., 1991; 
Helton et al., 1991; and Wu et al., 1992), only a 
limited evaluation is provided here. The Monte 
Carlo approach was used in the present perform
ance assessment. Regression analysis and differ
ential analysis as means of determining sensitivity 
to individual parameters are compared in Section 
8.4.4.  

8.2.2 IPA Phase 1 Sensitivity and 
Uncertainty Analyses 

IPA Phase 1 examined sensitivity and uncertainty 
for radionuclide releases at the accessible environ
ment for a geologic repository in unsaturated tuff 
(see Section 9.5, "Sensitivities and Uncertainties 
for Liquid-Pathway Analysis," in Codell et al., 
1992). The consequence models were significantly 
simpler than those in the present study, and there 
was a narrower range of scenarios considered.  

8.2.2.1 Sensitivity Analyses 

Four sensitivity analyses were performed for IPA 
Phase 1: (a) sensitivity analyses demonstrating the 
effect of individual parameters on the result
ant Complementary Cumulative Distribution 
Function (CCDF) for cumulative release to the 
accessible environment (10 CFR 60.112); (b) re
gression analyses using stepwise linear regression
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to estimate the sensitivity to key parameters in the 
consequence models; (c) determination of relative 
importance of radionuclides in the waste; and (d) 
sensitivity of CCDFs to performance of the 
natural and engineered barriers. The sensitivity 
analyses considered only liquid releases, not those 
from drilling. Gas release was not part of the IPA 
Phase 1 total-system performance assessment 
results, but was included as an auxiliary analysis 
(see Appendix D, "Gaseous Release of C14," in 
Codell et al., 1992).  

8.2.2.2 Uncertainty Analyses 

The Phase 1 IPA included only two events and 
processes different from the base-case conditions: 
pluvial conditions and drilling. These were com
bined into four scenarios (i.e., base case, base 
case plus drilling, pluvial conditions without 
drilling, and pluvial conditions with drilling).  
Uncertainty analyses were restricted to presen
tation of CCDF plots of cumulative release at the 
accessible environment (Normalized Release) for 
each of the scenarios, separately, and a combined 
CCDF for all scenarios factored by the scenario 
probability. The CCDFs were the result of the 
uncertainty in the sampled parameters propa
gated through the analysis. Effective Dose Equiv
alent was not calculated as a performance meas
ure for the IPA Phase 1 study. Construction of 
CCDFs is described in Section 9.2 of this report.  

8.2.3 Techniques 

The techniques used in the evaluation of the 
performance assessment model include studying 
the distributions of the input and output varia
bles, evaluating correlations between individual 
input parameters and the performance measures, 
and overall model sensitivity to independent 
variables. The techniques used in this analysis 
have been described by a number of authors 
(Draper and Smith, 1966; Mendenhall and 
Schaeffer, 1973; Bowen and Bennett, 1988; and 
Sen and Srivastava, 1990) and several have been 
applied previously to total-system performance 
assessments (Iman and Conover, 1979; Helton et 
al., 1991; and McKay, 1992).  

The use of regression analysis in this work was an 
extension of the regression analyses done in IPA 
Phase 1 (see Codell et al., 1992; p. 62). Previously, 
the regression analysis was used to determine the

most important variables and estimate sensitivi- _ 
ties of the total-system performance assessment 
model output to individual independent variables.  
In IPA Phase 2, the following techniques for 
development of a regression equation to emulate 
the total-system performance assessment model 
were investigated: transformation of data (Iman 
and Conover, 1979; and Seitz et aL, 1991); test for 
heteroscedasticity (residual variation--see Draper 
and Smith, 1966; Bowen and Bennett, 1988; and 
Sen and Srivastava, 1990); and Mallows' C 
statistic (Sen and Srivastava, 1990). In addition to 
several techniques used in previous performance 
assessment work (e.g., the stepwise linear regres
sion), the following techniques were evaluated for 
determining parameter importance and sensitivity 
(Kolmogorov-Smirnov and Sign tests (Bowen and 
Bennett, 1988)); and differential analysis (Helton 
et al., 1991).  

The sensitivity and uncertainty analyses were 
done with the commercially-available statistical 
package, S-plus (Version 3.1) (Statistical Sciences, 
Inc., 1991). Programs written in S-plus were used 
in this work to do the compartmental-component 
analysis, stepwise linear regression analysis, 
multilinear regression analysis, and statistical 
tests such as the Kolmogorov-Smirnov test and 
Mallows' Cp statistic.  

8.3 Selection of Most Influential 
Independent Parameters 

8.3.1 Subset Selection by Stepwise Regression 
Analysis 

Stepwise regression analysis has been used in 
previous total-system performance assessment 
work (Codell et al., 1992; and Helton et al., 1991) 
to determine the independent variables that have 
the most influence on the model output. Stepwise 
regression analysis selects variables to be in a 
linear equation based on the correlation coeffi
cient between a single independent variable and 
the dependent variable (Draper and Smith, 1966; 
and Iman et al., 1980).  

Selection of variables for the linear model by step
wise regression analysis may be based on a variety 
of criteria, such as the F-statistic, the Mean 
Square Error, the correlation coefficient, or the 
C. statistic. As variables are added to the regres
sion equation, the coefficient of determination, 
R2, is calculated (Seitz et al., 1991). The coefficient
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of determination is the square of the multiple 
correlation coefficient (Walpole and Myers, 1978) 
and is proportional to the total variance of the 
dependent parameter that is explained by the 
regression model; it increases as more variables 
are added to the model (Intriligator, 1978). In this 
analysis, the F-statistic was used for variable 
selection; the subset giving the largest R?2 was 
chosen.  

In stepwise regression, parameters are ranked in 
order of importance to the total-system perform
ance assessment model by their effect on the 
coefficient of determination, R2 (Seitz et al., 1991).  
The variable associated with the largest change in 
R 2 is ranked as the most important.  

Subset selection by the stepwise regression tech
nique may be performed at varying levels of sig
nificance, a. The level of significance a is the 
probability that a parameter will be rejected from 
the regression equation when it should be in
cluded. Helton et al. (1991) performed stepwise 
regression analyses at the 0.01 level of signifi
cance. In this analysis, the stepwise regression 
analyses were done for 0.01 and 0.05 level of 
significance. For the base case (oooo) scenario, 
fifteen parameters were selected by the stepwise 
regression from a suite of 195 parameters at the 
0.01 level of significance, whereas 24 parameters 
were selected at the 0.05 level of significance. Six 
parameters were selected at the 0.01 level of 
significance, from a suite of 29 independent 
parameters by Helton et al., for the Waste 
Isolation Pilot Project performance assessment.  
Helton et al. noted that as the number of 
independent parameters increases, there is more 
chance for selection of a spurious parameter. An 
analysis of the relationship between the number of 
independent parameters used as input to the 
total-system performance assessment model, the 
level of significance, and the number of the 
stepwise-selected parameters was not done in IPA 
Phase 2. However, such an analysis is needed in 
order to establish the most appropriate number of 
variables for the selected subset. A discussion of 
Mallows' Cp statistic for determining the num
ber of parameters for the "best" fit of a model by 
a regression equation is given in Section 8.6.2.2.  

A small set of parameters that were important in 
all IPA Phase 2 scenarios were the corrosion

potential parameters, ecorr6, ecorr7, and ecorr8 
that were used in the SOTEC module (see Chap
ter 5 and Appendix A). Infiltration was the most 
important parameter for the scenarios (see Table 
8-1) in which climatic (pluvial) consequences were 
not considered (oooo, oodo, osoo, ooov). The gas 
retardation coefficient (betaf) and fracture 
permeability (perinf) for the Topapah Springs 
member (C14 gas module) were also included in 
the list of the most important parameters. The 
U0 2 alteration rate for sub-area 2 of the reposi
tory, forwar2 (SOTEC), was among the important 
parameters for the scenarios with climatic conse
quences, cooo and csdv. Tables 8-2 to 8-5 list the 
parameters selected by stepwise regression for the 
base case (oooo) and fully disturbed case (csdv) 
for the 0.01 level of significance.  

It should be noted that the same subsets were 
selected for all scenarios without climatic disturb
ances, oooo, oodo, osoo, ooov. Similarly, the sce
narios with climatic effects, cooo and csdv, had 
the same subsets of important parameters.  

Table 8-1 Scenario Classes Modeled in the IPA 
Phase 2 Analysis 

Scenario Class 
Scenario Class Identifier 

Base Case 0000 

Climate Change Only (Pluvial) cooo 

Seismicity Only osoo 

Drilling Only oodo 

Magmatic Activity Only ooov 

Drilling + Seismicity osdo 

Drilling + Seismicity + 
Magmatic Activity osdv 

Drilling + Seismicity + 
Climate Change csdo 

Drilling + Seismicity + 
Magmatic Activity + 
Climate Changea csdv 

aFully disturbed
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8. Sensitivity and Uncertainty

Table 8-2 Results of Stepwise and Multilinear Regression: Normalized Release for Base 
Scenarioa

Case (oooo)

Standardized Rank 
Parameter Regression Confidence Regression Regression Elasticity Uncertainty 
Name Coefficient Intervalb Coefficient Coefficient Coefficient Coefficient 

INFIL(UN) 4.86E + 02 1.12E + 02 0.400 0.417 0.390 0.160 
ECORR6 -3.35E-03 1.06E-06 -0.312 -0.348 -2.69 0.0976 
ECORR7 -2.68E-03 1.06E-03 -0.248 -0.282 -2.14 0.0619 
RETARD3 -1.44E-03 5.57E-03 -0.242 -0.216 -0.510 0.0587 
ECORR8 1.28E + 03 5.72E + 02 0.205 0.243 0.176 0.042 
AKR3 9.34E + 14 4.03E + 14 0.213 0.274 0.255 0.046 
Kd39Th -7.18E-01 4.78E-01 -0.148 -0.092 -0.119 0.019 
ECORR5 -2.79E + 01 2.25E + 01 -0.114 -0.082 -0.213 0.0130 
RETARD1 -6.20E-03 5.56E-03 -0.104 -0.110 -0.219 0.0108 
KdCml 1.43E-01 1.27E-01 0.104 0.066 0.089 0.0107 
AKR2 9.79E+ 13 8.24E + 13 0.110 0.106 0.132 0.0121 
AKR4 1.60E + 14 1.34E + 14 0.120 0.126 0.131 0.0121 
Kd26Am 4.12E-02 4.21E-02 0.090 0.074 0.077 0.008 
SOIAAm 2.03E + 03 2.OOE + 03 0.094 __c 0.068 0.009 
FORWAR2 5.69E + 02 5.71E + 02 0.092 __c 0.068 0.008 

"See Appendix A for a description of the parameter names. Coefficients are described in Section 8.4.  
bValues expressed can be added to or subtracted from the Regression Coefficient.  
CParameter not selected.
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Table 8-3 Results of Stepwise and Multilinear Regression: Effective Dose Equivalent for Base Case 
(oooo) Scenarioa 

Standardized Rank 
Parameter Regression Confidence Regression Regression Elasticity Uncertainty 
Name Coefficient Intervalb Coefficient Coefficient Coefficient Coefficient 

INFIL(UN) 2.91E + 07 4.20E + 06 0.657 0.870 1.03 0.432 

FUNNEL2 8.27E + 04 4.63E + 04 0.169 0.091 0.469 0.0286 

ECORR6 -6.45E + 01 3.708E + 01 -0.165 -0.138 -2.29 0.0272 

FORWAR2 3.57E + 07 2.15E + 07 0.158 0.101 0.217 0.0249 

SOL4AM 1.04E + 08 7.46E + 07 0.132 0.042 0.154 0.0175 

RDIFF13 4.38E + 07 3.77E + 07 0.110 0.072 0.151 0.0121 

KD39Th -1.87E + 04 1.79E + 04 -0.099 -0.038 -0.136 0.0098 

ECORR5 -8.18E + 05 8.43E + 05 -0.092 -0.053 -0.278 0.0085 

RPOR21 1.51E + 05 1.54E + 05 0.093 0.043 0.061 0.0087 

ECORR7 -3.62E + 01 3.71E +01 -0.093 -0.140 -1.28 0.0086 

aSee Appendix A for a definition of the parameter names. Coefficients are described in Section 8.4.  
bValues expressed can be added to or subtracted from the Regression Coefficient.  

Table 8-4 Results of Stepwise and Multilinear Regression: Normalized Release for Fully Disturbed 
(csdv) Scenarioa 

Standardized Rank 
Parameter Regression Confidence Regression Regression Elasticity Uncertainty 
Name Coefficient Intervalb Coefficient Coefficient Coefficient Coefficient 

ECORR6 -6.71E-03 1.37E-03 -0.36 -0.385 -2.22 0.133 

ECORR7 -4.55E-03 1.37E-03 -0.25 -0.333 -1.50 0.061 

FORWAR2 2.09E + 03 8.41E +02 0.20 0.158 0.12 0.038 

ECORR8 1.93E + 03 8.44E + 02 0.18 0.179 0.11 0.033 

FORWAR3 1.46E + 03 8.45E + 02 0.14 0.121 0.08 0.019 

KD39TH -1.25E + 00 7.04E-01 -0.14 -0.124 -0.09 0.020 

RETARD3 -1.33E-02 8.04E-03 -0.13 -0.148 -0.19 0.017 

FUNNEL2 2.87E + 00 1.82E + 00 0.13 0.120 0.15 0.016 

VOLMAX2 -8.64E+ 01 6.08E-01 0.11 0.032 0.14 0.013 

HIT19 1.02E + 00 7.29E-01 0.11 0.118 0.13 0.012 

"See Appendix A for a definition of the parameter names. Coefficients are described in Section 8.4.  
bValues expressed can be added to or subtracted from the Regression Coefficient.

NUREG-14648-5



8. Sensitivity and Uncertainty

Table 8-5 Results of Stepwise and Multilinear Regression: Effective Dose Equivalent for Fully 
Disturbed (csdv) Scenarioa 

Standardized Rank 
Parameter Regression Confidence Regression Regression Elasticity Uncertainty 
Name Coefficient Intervalb Coefficient Coefficient Coefficient Coefficient 

FORWAR2 2.13E + 08 8.48E + 07 0.219 0.378 0.407 0.048 

FORWAR3 1.63E + 08 1.54E + 07 0.167 0.126 0.310 0.028 

ECORR6 -2.60E + 02 1.47E + 02 -0.154 0.346 -2.88 0.024 

ECORR8 1.39E + 08 8.54E + 07 0.143 0.087 0.215 0.020 

Kd114Se 3.75E + 06 2.84E + 06 0.115 -_c 0.215 0.013 

DRILL21 9.85E + 00 7.48E + 00 0.114 0.099 0.437 0.013 

VOLMAX4 -8.07E + 04 6.13E + 04 -0.115 -0.046 -0.430 0.013 

Kdl04Ni 1.14E+06 8.51E + 05 0.116 -- c 0.217 0.014 

ZONE7 -8.65E + 04 7.35E + 04 -0.102 __c -0.383 0.010 

Kd44Ra 6.65E + 03 5.70E + 04 0.102 _c 0.191 0.010 

WAREA4 8.97E + 04 7.35E + 04 0.106 c 0.398 0.011 

FUNNEL2 2.14E + 05 1.89E + 05 0.101 0.237 0.380 0.010 

PERMF1 1.82E+21 1.65E+21 0.096 0.119 2.34 0.009 

HIT19 8.37E + 04 7.35E + 04 0.099 0.086 0.037 0.010 

Kd50Pb 1.36E + 04 1.26E + 04 0.095 c 0.177 0.009 

BETAF3 -3.94E + 04 3.48E + 04 -0.098 __c -1.49 0.010 

PORM1 5.08E + 05 7.33E + 05 0.060 _c 0.050 0.004 

BETAM 3.54E + 04 3.48E + 04 -0.088 -0.058 -0.709 0.008 

VOLMAX6 -6.04E + 04 6.13E + 04 -0.086 c -0.321 0.007 

"See Appendix A for a definition of the parameter names. Coefficients are described in Section 8.4.  
bValues expressed can be added to or subtracted from the Regression Coefficient.  
CParameter not selected.
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8. Sensitivity and Uncertainty

A means of confirming the selection of the most 
important parameters for the model is through 
the use of scatter plots (Helton et al., 1991). By 
plotting the performance measure (Normalized 
Release or Effective Dose Equivalent) against the 
input variable (e.g., undisturbed infiltration) linear 
or discontinuous relationships among the param
eters may be seen. However, because the per
formance measures are a function of many 
independent parameters, distinct relationships 
may be difficult to detect from scatter plots alone.  

8.3.2 Compartmental Component Analysis 

Compartmental component analysis was used to 
illustrate the relative importance of individual
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radionuclides or release pathways to the Nonnal
ized Release or Effective Dose Equivalent. The 
compartmental component analysis was done 
primarily with the use of boxplots. The boxplot 
(Tukey, 1977; and Helton et al., 1991) is a means 
of assessing the effect of the full range and distri
bution of a given component (radionuclide or 
geosphere pathway) on the output. The boxplot 
(Figure 8-1.) consists of a "box," the ends of which 
represent the lower and upper quartiles of the 
distribution (2 5th percentile (x25) and 7 5 th 

percentile (x.75), respectively). The "]" symbol 
(whisker) represents the values in the distribution 
that are x.25 - 1.5(x 75 - X.25) and x.75 + 1.5(x. 75 
x.25) (Helton et al., 1991). Values outside the 
whiskers ("outliers") are represented with lines.

Outlier 

Outlier 

Outlier 
Outlier

x.75 + 1.5 x (x.75 -x2 5 ) 

75th Percentile 

Median 

25th Percentile 

x.25 -1.5 x (x75 - X)2 )

I 'Whisker 

=Box 

i Whisker

Figure 8-1 Example boxplot showing interquartile region, the whiskers at 1.5 x (interquartile) 
and outliers in the distribution

NUREG-14648-7



8. Sensitivity and Uncertainty

8.3.2.1 Contribution of Individual Nuclides to 
the Normalized Release and Efective Dose 
Equivalent 

The contribution of individual nuclides to the 
Normalized Release was evaluated in terms of the 
absolute contribution, the fraction of the total 
contribution, and the contribution of different 
transport pathways to the collective release to the 
accessible environment. The contributions by 
seven representative radionuclides to the 
Normalized Release and to the Effective Dose 
Equivalent for the base case (oooo) are shown in 
Figures 8-2 and 8-3, respectively. Corresponding 
results for the fully disturbed case (csdv) are 
illustrated in Figures 8-4 and 8-5.  

The dominant radionuelide contributor to the 
Normalized Release is 14C, primarily in the gas
eous pathway (Figures 8-2 and 8-4). Fifty percent 
of the vectors in the base case (oooo) have 14C 
releases greater than 0.8 times the U.S. Environ
mental Protection Agency (EPA) limit. Although 
gaseous 14 C is important to the Normalized 
Release, it is a very small contributor to the 
Effective Dose Equivalent (Figures 8-3 and 8-5).  
2 43Am is an important contributor to the Normal
ized Release and Effective Dose Equivalent, where
as 240 Pu and 9 9Tc are important contributors to 
the fully disturbed (csdv) scenario Normalized 
Release. In some cases, these nuclides exhibit 
releases greater than the EPA limit.  

Federal Regulation 40 CFR Part 1912 provides 
that 10 percent of the total releases to the 
accessible environment may have a Normalized 
Release between 1 and 10. In the IPA Phase 2 
total-system performance assessment, more than 
fifty percent of the vectors gave a Normalized 
Release greater than 1, in large part because of the 

'Currently, a revised set of standards specific to the Yucca Mountain 
site is being developed in accordance with the provisions of the 
Energy Policy Act of 1992. The Energy Policy Act of 1992 (Public 
Law 102-486), approved October 24, 1992, directs NRC to pro
mulgate a rule, modifying 10 CFR Part 60 of its regulations, so 
that these regulations are consistent with EPAs public health and 
safety standards for protection of the public from releases to the 
accessible environment from radioactive materials stored or dis
posed of at Yucca Mountain, Nevada, consistent with the findings 
and recommendations made by the National Academy of Sciences, 
to EPA, on issues relating to the environmental standards govern
ing the Yucca Mountain repository. It is assumed that the revised 
EPA standards for the Yucca Mountain site will not be substantially 
different from those currently contained in 40 CFR Part 191, 
particularly as they pertain to the need to conduct a quantitative 
performance assessment as the means to estimate postclosure 
performance of the repository system.

gaseous 14C release. More than 25 percent of the 
liquid pathway releases yield a Normalized Release"
greater than 1.  

The nuclides making the largest contribution to 
the Effective Dose Equivalent are 94Nb, 21OPb, 237Np, and 243Am. 94Nb, 237Np, and 243Am are 
important because of their long half-lives, whereas 2 10pb continues to build up over time with decay 

of nuclides in the 238U series, particularly 234U.  

8.3.2.2 Releases by Pathway 

The relative release by pathway differs between 
the base (oooo) and the fully disturbed (csdv) 
cases. In the base case (oooo) scenario, the con
tribution to the Normalized Release is roughly 
divided between the liquid and the gaseous path
ways. The mean contribution to the Normalized 
Release is higher in the liquid pathway for Nor
malized Release less than 1, whereas the mean 
contribution to the Normalized Release is higher in 
the gaseous pathways for Normalized Release 
between 1 and 10. This is anticipated because 
much of the exceedence of the EPA limit of 1 is 
because of gaseous 14C release. The releases for 
the fully disturbed (csdv) scenario are divided 
much differently among liquid, gaseous, and 
direct pathways (Figure 8-6). The mean fractional 
contribution to the Normalized Release for the 
liquid pathway is 0.8, whereas the mean fractional 
contribution to the Normalized Release for the 
gaseous pathway is 0.2. The direct pathway (via 
drilling or volcanism), while a much smaller 
contributor to the Normalized Release, exhibits 
Normalized Release values as high as 15.  

8.3.3 Significance of Independent Parameters 
-- Kolmogorov-Smirnov Test and Sign 
Test 

The stepwise regression analysis used the change 
in the coefficient of determination, R 2, to deter
mine which parameters were the most important 
in the total-system performance assessment 
model. The Kolmogorov-Smirnov (K-S) test and 
the Sign test were also used to determine the 
importance of the input parameters (Bowen and 
Bennett, 1988). These tests, unlike stepwise 
regression analysis, test the relationship between 
the parameters and results, without assuming a 
specific functional form.
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8. Sensitivity and Uncertainty

8.3.3.1 The Kolmogorov-Smirnov Test 

The K-S test (Bowen and Bennett, 1988) is gener
ally used to test whether two distributions are the 
same. It was used in the present context as a test 
of whether a subset of the LHS-determined values 
for a given input parameter conforms to the 
distribution defined for the variable. The subsets 
of input values used in the K-S analysis corre
spond to the vectors in which the 40 largest values 
for Normalized Release or Effective Dose Equiva
lent were generated in a given scenario. For each 
input parameter, the defined or theoretical 
distribution was compared to the distribution of 
the values in the subsets (Figure 8-7). If the 
theoretical and subset distributions are similar, 
the interpretation is that the input parameter will 
have little or no effect on the results. Conversely, 
a significant difference between the theoretical 
distribution and subset distribution would indi
cate that the parameter is important to the per
formance measure. Figure 8-7a is a plot of the 
theoretical distribution (solid line) and the distri
bution of the sampled values (dots) for the 
fracture beta parameter. The two distributions are 
very similar, whereas the distributions for 
undisturbed infiltration (Figure 8-7b) are very 
different. Fifty percent of the values (cumulative 
density = 0.5 to 1.0) from the theoretical distri
bution (solid line) for infiltration rate are greater 
than 0.00075, whereas 80 percent (cumulative 
density = 0.2 to 1) of the sampled values (dots) 
are greater than 0.00075. These large values for 
the infiltration rate are thus significant in affecting 
the total-system performance assessment (TPA) 
computer model output as Normalized Release.

Table 8-6 presents the results of applying the K-S-
and Sign tests to the base case (oooo) scenario 
results for the 0.05 level of significance. The 
parameters are listed in order of their values for 
the K-S test. In general, when the K-S test and 
Sign test were performed on a set of independent 
parameters one-at-a-time, the resulting subset of 
important independent parameters agreed with 
the set of independent parameters selected by the 
stepwise regression. However, this agreement is 
conditional on the fact that the samples tested 
were made up of only the largest values of the 
Normalized Release or Effective Dose Equivalent.  

The advantage of the K-S and Sign tests over the 
stepwise regression analysis is that the correlation 
with the performance measure is strictly related to 
the distribution of the independent parameter.  
Different ranges of the performance measure can 
also be explored to determine the most significant 
parameters in other parts of the parameter space.  

8.4 Sensitivity Analysis 

8.4.1 Introduction 

The objective of sensitivity analysis is to establish 
the relative importance of parameters to the con
ceptual model. One measure of model sensitivity 
is the amount of variation in model output af
fected by variation in the model input. The model 
output, Y, cumulative release of radionuclides at 
the accessible environment (Normalized Release or 
Effective Dose Equivalent) can be expressed in 
terms of the independent parameters:

Y = f(xl,x 2 ....... x.) 
8.3.3.2 The Sign Test

The Sign test (Bowen and Bennett, 1988) is 
another test for comparing whether two distribu
tions are the same. Each observation in the subset 
sample is represented by a plus (+) sign or a 
minus (-) sign, depending whether it is smaller or 
larger than the median of the known distribution.  
The test statistic is the total number of plus (+) 
signs, and is compared to the number of plus 
signs expected for a given theoretical distribution 
and number of samples. If the distributions are 
significantly different, the independent variable is 
considered to have an important effect on the 
total-system performance assessment model 
output.

Model sensitivity can be defined as the first par
tial derivative of the model output response Y 
with respect to the input parameters xi:

ay Si
axl

The sensitivity, as defined in the above relation
ship, has dimensions. To compare sensitivity 
among parameters in the model, the sensitivities 
can be normalized and made dimensionless. Thi, 
may be done in a variety of ways. One method o.  
making the sensitivities dimensionless is to 
multiply the sensitivity by a ratio of Y and xi:
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8. Sensitivity and Uncertainty

o, = Y (8-3) 
ax, Y 

If the values for xi and Y used in the ratio xi/Y are 
the estimated means of xi and Y, the sensitivity is 
known as the "elasticity" (Intriligator, 1978).

Another way to remove the dimensions and the 
differences in scale is to standardize each value 
for the input and response parameters by sub
tracting the estimated mean . and dividing by 
the standard deviation oq (Seitz et al., 1991):

Xi* -- Xi-x
(8-4)

Table 8-6 Important Parameters Selected by the Kolmogorov-Smirnov and Sign Tests for 
the Base Case (oooo) Scenario at the 0.05 Level of Significancea 

Collective 
Normalized Effective Dose 
Release TPA Module Equivalent TPA Module 

INFIL(UN) FLOWMOD INFIL(UN) FLOWMOD 

ECORR8 SOTEC FUNNEL2 SOTEC 

AKR3 C14 RPOR(1,2) SOTEC 

RETARD2 C14 ECORR6 SOTEC 

SOL4Am SOTEC FORWAR2 SOTEC 

"See Appendix A for a definition of the variable names.

The sensitivities aY */Ox, * will have values be
tween 0 and + 1, which facilitates comparison 
between disparate parameters.  

A number of methods may be used to estimate 
the sensitivity of the model output to a given inde
pendent parameter. Differential analysis (Helton 
et al., 1991), involves determining the local sensi
tivity of the response to an individual parameter.  
Regression analysis may be used to estimate the 
sensitivity of the model in relation to an individ
ual parameter, or to a group of parameters. Esti
mations of model performance and overall model 
sensitivity may be generated with a regression 
equation.  

Generally, a linear regression equation is 
represented as a linear combination of the 
independent parameters:

N 

Y=aO +YZixi + 
i=t

(8-5)

where a0 is the intercept, fl, are the regression 
coefficients and ci is the error (Sen and 
Srivastava, 1990).  

Many submodels in a typical performance assess
ment behave non-linearly with respect to the 
values of the input parameters. Regression can 
include polynomials and cross products of the N 
independent parameters. For example:

N N N 

Y =ao + D + , 
i=1 i=1 j=1

(8-6)

The regression analyses for IPA Phase 2 con
sidered only linear forms and combinations of the
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parameters, such as that expressed in Equation 
(8-5).  

8.4.2 Estimation of Sensitivities by 
Regression Analysis 

Multilinear regression was used to estimate the 
sensitivities of the model with respect to the most 
important parameters selected by stepwise 
regression analysis. The estimated regression 
coefficients for the untransformed data have 
dimensions. To compare sensitivities for the 
individual parameters, two different transfor
mations of the data were executed before doing 
the regression analysis: standardization (Seitz et 
al., 1991) and rank transformation (Iman and 
Conover, 1979).  

8.4.2.1 Standardization 

Data can be standardized to eliminate the dimen
sions and any scale effects, as illustrated in 
Equation (8-4) above. The result of this transfor
mation is that all transformed parameter values 
have a mean of zero and a standard deviation of 
one. The regression coefficients estimated, using 
standardized data, are also a measure of the 
fraction of the standard deviation change in the 
resonse, Y, as affected by a fraction of the stand
ard deviation a. change in the independent 
parameter (Helton et al., 1991). Thus, the 
coefficients estimated from regression of the 
standardized data will be indicative of the 
importance to the model.  

8.4.2.2 Rank Transformation 

Rank transformation of the data also eliminates 
the dimensions and scale associated with the 
parameters (Iman and Conover, 1979). The rank 
transformation involves replacing the data used in 
the model with their corresponding ranks, as 
determined by ordering the 400 observations from 
the minimum (1) to maximum (400). The same 
transformation is done to values of the model 
output.  

The estimated regression coefficients for regres
sions done with untransformed data, the stand
ardized, and rank-transformed data for the base 
(oooo), and the fully-disturbed (csdv) cases are 
given in Thbles 8-2 to 8-5. Because the regression 
coefficients are estimates, the 95 percent confi
dence interval was determined for each of the raw

regression coefficients. It should be noted that 
while the regression coefficients are a measure of 
sensitivity of the model output to the input vari
ables, they are particular to specific models and 
are not generically applicable.  

8.4.3 Estimation of Sensitivities by 
Differential Analysis 

Another method used primarily for sensitivity 
analyses is differential analysis. This approach 
consists of approximating the response surface by 
its Taylor series expansion about a reference point 
(x°) such as the mean: 

Y = Y(x0 ) + a (-" (xi¼- xi) 
i=1 ax

+ (higher order terms) + c, (8-7)

By truncating the Taylor series at the first term, 
the partial derivative of the response with respect 
to variable xi for a small perturbation from the 
reference point is defined:

(8-8)axY(x) - Y- Y(xO) 
axi Xix~i-

The partial derivatives can be evaluated analytic
ally in some cases, but it is often too difficult to 
do this directly. A number of techniques, such as 
the adjoint method and Green's function method, 
have also been developed (Zimmerman et al., 
1990) to increase the efficiency of the evaluation 
of derivatives analytically within complex com
puter codes. The partial derivatives can also be 
evaluated numerically by calculating the perform
ance at the reference point and at points nearby, 
by perturbing one independent variable at a time.  

There are important drawbacks to differential 
analysis. The Taylor series approximation of the 
partial derivatives is inherently local, and may not 
reflect accurately the sensitivity at points far from 
the evaluation point. Another drawback to differ
ential analysis is that the evaluation of the deriva
tives is often difficult and expensive. Numerical 
evaluation of the derivatives, as in Equation (8-8), 
requires one or more evaluations of the perform
ance assessment model for each derivative, and is 
often too costly to consider for a large number of 
input parameters.
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Differential analysis provides no information on 
the possible existence of thresholds or discon
tinuities in either the independent parameters or 
the response of the model to the distribution 
(Helton et al., 1991) (e.g., the change from matrix 
to fracture flow in unsaturated media). It is 
possible, however, to evaluate the partial 
derivatives at any point in the parameter space.  
Efficient techniques for finding points in the 
parameter space that are highly significant (e.g., 
sensitive or high-consequence) have been 
developed, and demonstrated on a simple repre
sentations of a geologic repository (Wu et al., 
1992).  

8.4.4 Comparison of Sensitivity Coefficients 
Estimated from Regression and 
Differential Analyses 

Multilinear regression was used to estimate the 
first derivatives of Normalized Release (1) with 
respect to the input variables xi (i.e., aY/axi).  
These first derivatives are estimates of the 
coefficients of the multilinear regression equation.  
In differential analysis, the first derivatives are 
estimated at a "reference" point; in this analysis, 
the mean of each input variable. Each input 
variable is perturbed a small amount from the 
mean value, one variable at a time, and the first 
derivatives calculated as described in Equation 
(8-8).  

Differential analysis should not give the same 
results as regression analysis for the first de
rivatives (Wu et al., 1992) because multilinear 
regression analysis uses information from all 
regions of the parameter space, whereas differ
ential analysis estimates the derivatives at only 
one point in parameter space.  

The analysis for the present comparison was per
formed for the base case (oooo) scenario and the 
14 most significant input variables in the following 
manner: 

(1) The mean value of each parameter in the 
400-vector Latin Hypercube Sampler (LHS) 
input file was calculated; 

(2) A new input file containing 15 vectors was 
generated. The first vector contained the 
average values for each parameter. The next 
14 vectors contained the average values for

each parameter except for one of the most 
significant parameters, which differed from 
its average by a small amount (e.g., 10 
percent); 

(3) The TPA computer code was run using the 
new input file for the base case, to generate 
15 output vectors of Normalized Release; and 

(4) The partial derivatives for Normalized Release 
with respect to the 14 independent param
eters were estimated using Equation (8-8); 
the difference between the Normalized 
Release from vector 1 and vectors 2 through 
15, divided by the difference in the inde
pendent parameter.  

The sensitivity coefficients from the differential 
analysis and multilinear regression for the 14 most 
significant parameters are compared in Table 8-7.  
The results agree reasonably well in some cases 
(e.g., INFIL(UN), undisturbed infiltration) and 
generally have the same sense. The most striking 
difference is the large number of cases in which 
differential analysis gave a zero sensitivity. This 
could be a reflection of the insensitivity to those 
parameters in the region of the reference point.  
Additionally, many of the TPA modules switch 
from one behavior to another rather abruptly, 
depending on the input parameters. For example, 
the transition from matrix flow to fracture flow in 
the module FLOWMOD is non-linear over the 
range of infiltration rates. The insensitivity of the 
model to several parameters at the reference point 
indicates the need to apply differential analysis at 
several points on the response surface.  

8.4.5 Model Sensitivity Analysis 

8.4.5.1 CCDF Sensitivity 

In this work, the CCDF, that is (1 - CDF (Cumu
lative Distribution Function)), which, in a single 
figure, plots the magnitude and uncertainty of the 
Normalized Release at the accessible environment, 
is the main vehicle for conveying uncertainty re
sults. However, the CCDF gives no explicit infor
mation on the contribution to total uncertainty by 
each of the input parameters.  

Plots illustrating the sensitivity of the CCDF to a 
single parameter or condition were generated by 
screening the output vectors according to a 
criterion, and using only the remaining vectors to 
produce the CCDFs. The CCDFs of screened
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Table 8-7 Comparison of First Derivatives of Normalized Release by Regression 
and Differential Analysisa

Parameter Name )Y Regression -Y- Differential Elasticity Regression Elasticity Differential 

INFIL(UN) 502 377.4 0.403 0.495 

ECORR6 -0.0033 0 -2.66 0 

ECORR7 -0.0027 0 -2.14 0 

RETARD3 -0.015 -0.00194 -0.518 -0.112 

ECORR8 1317 0 0.182 0 

AKR3 9.6E + 14 3.65E + 13 0.264 0.016 

KD39Th -0.713 0 -0.118 0 

ECORR5 -27.3 0 -0.213 0 

RETARD 1 -0.0062 -0.0021 -0.219 -0.036 

KD1Cm 0.014 0 0.049 0 

AKR2 9.79E + 13 5.66E + 13 0.132 0.012 

AKR4 1.6E + 14 -1.7E + 13 0.131 -0.0022 

Kd26Am 0.041 0 0.077 0 

SOL4Am 2030 597 0.068 0.0033 

"See Appendix A for a definition of the parameter names.

data illustrating the sensitivity to performance 
measures of individual natural and engineered 
barriers are presented in Section 9.5.  

8.4.5.2 Sensitivity of Results to Number of 
Vectors 

The sensitivity of the results to the number of 
LHS vectors in each scenario is illustrated by 
comparing spurious correlations among the input 
parameters and by the sensitivity of the CCDF to 
the number of vectors.  

8.4.5.2.1 Spurious Correlations 

Although it is possible to specify correlations 
among parameters when generating input vectors

with the LHS method, this feature was not evoked 
in IPA Phase 2 (i.e., there was no deliberate 
attempt to produce correlations among input 
parameters). Spurious correlations are apparent 
correlations of the input parameters among 
themselves, when no correlations were intended.  
Although computer programs for generating LHS 
(Iman et al., 1980) generally contain algorithms for 
minimizing these effects, correlation of the model 
output variables to the independent parameters is 
confounded by spurious correlations, if too few 
vectors are available for the statistical tests.  

To demonstrate the problem with spurious corre
lations, three computations of Normalized Release 
were done with inputs of 100, 200, and 400 vectors 
generated by the LHS technique. Each vector had
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445 parameters, 195 of which were sampled for 
the base case (oooo). The correlation coefficient 
between each input parameter xi and the Normal
ized Release, Y, calculated from the performance 
assessment model was calculated and plotted 
against the largest correlation between xi and any 
other independent parameter. These plots illus
trate a limitation of the sensitivity analyses; if the 
spurious correlations among independent param
eters are as large or larger than the correlation 
between the dependent-independent parameters, 
then one cannot determine the validity of the 
latter correlations. Figure 8-8 for 100 vectors 
clearly shows that the correlations among inde
pendent parameters are as large or larger than the 
correlations between the independent parameters 
and model output for a significant fraction of the 
vectors, thereby confounding interpretation of the 
results for sensitivity. The results are similar for 
200 vectors, but are not shown here. Figure 8-9 
illustrates that for 400 vectors, the largest 
correlations between the independent parameters 
and model output are distinctly larger than the 
correlations among the independent parameters.  

8.4.5.2.2 Sensitivity of the CCDF to Number of 
Vectors 

CCDFs of Normalized Release were generated 
from runs of 50, 100, 150, 200, and 400 vectors, 
and presented in Figure 8-10. Visually, the 
CCDFs were quite similar, suggesting a relative 
lack of sensitivity to the number of vectors.  

The conclusions that can be drawn from this 
analysis are that the usefulness of the sensitivity 
analysis was limited for fewer than 400 vectors per 
scenario, as shown by comparing the magnitude 
of the largest spurious correlations to the model 
output-independent parameter correlations.  
However CCDFs were much less sensitive to the 
number of vectors per scenario.  

8.5 Uncertainty Analysis 

Different types of uncertainty associated with the 
modeling of physicochemical processes can be 
distinguished -in particular: 

"* The statistical uncertainty because of the 
inherent random nature of the processes, and 

"* The state-of-knowledge uncertainty.

The latter uncertainty may be subdivided further 
into parameter and model uncertainty. Parameter 
uncertainty is caused by insufficient knowledge 
about the input information, and can manifest 
itself in several forms. For example, if a single 
parameter characterizes a facet of the model (e.g., 
hydraulic conductivity of a rock unit), then uncer
tainty about its value would lead to selecting a 
distribution for the probabilistic sampling of that 
parameter with wider limits than if the parameter 
were well characterized. Because it usually is not 
possible to characterize a spatially varying 
property of the rock, such as permeability by a 
single parameter, using a single parameter value 
over the entire field of calculation to represent a 
spatially varying parameter also introduces 
uncertainty.  

For IPA Phase 2, the repository was represented 
by a highly simplified conceptual model, which in 
many cases, ignored the large spatial variability of 
the geosphere (e.g,,the hydraulic properties of 
each layer were considered spatially homogeneous 
for each vector, ignoring the considerable hetero
geneity). These parameters could be made to vary 
in time and space; however, this would make the 
modeling much more complicated. Models within 
the system representing the performance assess
ment do in fact include spatial and temporal vari
ability, but these are only indirectly a result of the 
values of the input parameters. For example, gas 
flow is represented in two dimensions and is tran
sient in time. Additionally, some of the param
eters such as hydraulic conductivity implicitly 
take into consideration the spatial scales of corre
lation to account for the length of flow paths.  

Modeling uncertainty is caused by simplifying 
assumptions and the fact that the models used 
may not accurately simulate the true physical 
process. This study, as was the case in the IPA 
Phase 1 study (Codell et at., 1992), deals primarily 
with the effects of parameter uncertainty.  

Iman and Helton (1985, p. 1-1) give an apt defini
tion of uncertainty, which has been adopted for 
the present study: 

"Uncertainty analysis is defined here to be 
the determination of the variation or model 
imprecision in Y that results from the 
collective variation in the model variables 
Xl...xk.... A convenient tool for providing such 
information is the estimated cumulative
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8. Sensitivity and Uncertainty

distribution function (CDF) for Y since it 
summarizes the variability in computer model 
output which results from the input 
assumptions." 

Although the main presentation of uncertainty in 
IPA Phase 2 will rest on the CCDF, an additional 
means of describing uncertainty, the "uncertainty 
coefficient," has also been developed.  

Uncertainty Coefficient 

It would be useful to define an "uncertainty coef
ficient" to represent the contribution of uncer
tainty from each of the input parameters, but 
there does not appear to be any standard defini
tion of such a term. Leading toward a definition 
that can be used in the present work, Zimmerman 
et al. (1990) present an expression for the uncer
tainty, using the response surface in which the 
actual model is represented by the multilinear 
regression of the model results; 

Var(Y) = E1(Y-Y)2 1 = jfflVar(xi) 

+ I i 1 j/3,Cov(x,,x,) , (8-9) 

where Y is the value of the response, P3i is the 
regression coefficient OY/axi, E[ I is the expected 
value, Y is the estimated mean of Y, Var is the 
variance, and Cov is the covariance. For the IPA 
Phase 2 calculations, the independent parameters 
are not deliberately correlated, so it is assumed 
that the covariance term is zero. In this analysis, 
the quantity Var(Y) is estimated by estimating /3, 
and Var(xi).  

Assuming that there is no covariance among the 
independent parameters, Equation (8-9) presents 
a way in which the variance of the response can 
be tied to variance and sensitivity of each of the 
independent parameters. Based on this assump
tion, it is possible to define an "uncertainty" 
coefficient Ui: 

L P Var(x,) 
Var (1) (8-10) 

This term is numerically equivalent to the square 
of the "standardized regression coefficient" de
scribed in Section 8.4.2. Ideally, if all the inde
pendent parameters were included in the model,

the sum of Ui for all independent parameters 
would be unity. Non-zero covariance of the 
independent parameters will cause ZUi to deviate 
from unity. The sums of the uncertainty 
coefficients presented in Tables 8-2 to 8-5 are 
equal to the coefficient of determination, R2, for 
each regression analysis.  

8.6 Emulation of the Total-System 
Performance Assessment Model 
Using Multilinear Regression 

One aspect of doing multilinear regression that 
has not been explored previously by the NRC staff 
is the application to emulating the total-system 
performance assessment model. The regression 
equation can be used with the suite of values for 
the input parameter to estimate the response, iY.  
The estimated response may then be compared 
with the full model output (Normalized Release or 
Effective Dose Equivalent) to determine how good 
the regression equation approximation of the 
model is. The following discussion outlines some 
of the procedures used to better fit the regression 
equation to the model and illustrates how the 
regression equation can be used to estimate 
model performance.  

8.6.1 Estimation of the Response 

Values of the response for the simplest form of 
the multilinear regression equation were calcu
lated using the raw data for the input parameters 
(xi) and the estimated regression coefficients, bi 
(Tables 8-2 to 8-5).  

S= ao + bjxj + ... + b~x, (8-11) 

It should be noted that although the form of the 
regression described here is linear, several param
eters used in IPA Phase 2 do not exhibit a linear 
relationship with the performance measure.  

A non-linear relationship between the response 
and the independent parameters can often be 
determined by plotting the residuals for the 
regression against the values for a given inde
pendent parameter (Figure 8-11). If the residuals 
ei = (Yi - Yi) are a function of an independent 
parameter, there will be a grouping or trend in 
residuals as a function of the independent paranm 
eter (Figure 8-11a). In Figure 8-11a, there is a
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8. Sensitivity and Uncertainty

skewed distribution of the points toward low 
infiltration values. Transformation of the 
independent parameter to a non-linear form (e.g., 
lix, log(x), x2) may be appropriate (Sen and 
Srivastava, 1990). By transforming the independ
ent parameter (e.g., infiltration to log(infiltration)), 
the residuals plot (Figure 8-11b) is changed to 
indicate no functional relationship between the 
residuals and the independent parameter. This 
indicates that the new form of the parameter may 
help provide a better fit of the model.  

The process of transforming parameters, doing 
subset selection and regression analysis, is an 
iterative process. Several iterations may be 
required to get the best fit of the model by the 
regression equation. Non-linear regression 
techniques are also available, but beyond the 
scope of the present project.  

A regression equation was constructed for the 
purpose of emulating the total-system perform
ance assessment model. Twenty parameters 
selected by stepwise regression analysis were used; 
some parameters were transformed as discussed 
above.  

Figure 8-12 is a plot of the estimated values for 
Normalized Release, j, from the regression equa
tion versus the Normalized Release for the base 
case (oooo) computed by the TPA computer code.  
It should be noted that the estimated response 
parameter k is a function of specific bi and 
specific values of xi. Other regression equations 
will give different results. The purpose of the plot 
is to illustrate the degree of fit between the 
response variable determined by the regression 
equation and the performance measure computed 
by the TPA computer code. The correlation 
coefficient between the estimated response k and 
the Normalized Release is 0.78, which corresponds 
to a coefficient of determination of 0.61. The 95 
percent confidence interval is noted on the plot 
and indicates the region in which there is high 
confidence of finding the least-squares fit line.  
Figure 8-13 illustrates the CCDFs for the esti
mated responses Vý and the Normalized Release 
from the total-system performance assessment 
model.

8.6.2 Evaluation of the Goodness of Fit 

8.6.2.1 Correlation Coefficient 

The correlation coefficient is often used to esti
mate the linear relationship between two variables 
(Walpole and Myers, 1978). The more linear the 
relationship, the closer the correlation coefficient 
is to unity. Ideally, the better the regression equa
tion estimates the full total-system performance 
assessment model, the closer the correlation co
efficient is to 1 (or -1). The square of the corre
lation coefficient, the coefficient of determination 
(R2) indicates the percent of the full model that is 
explained by the regression model. The coefficient 
of determination for the regression equation with 
twenty parameters is 0.61. Because the coefficient 
of determination and the absolute value of the 
correlation coefficient increase as more param
eters are added to the model, they are not 
necessarily good indicators of the optimal number 
of parameters to be included in the regression 
model. Proper selection of the form of the inde
pendent parameters is essential to constructing a 
regression equation that will emulate the total
system performance assessment model well.  

8.6.2.2 Mallows' Cp Statistic 

Helton et al. (1991) stated that as the number of 
independent parameters increases, there is a 
greater chance for spurious correlations that 
result in the inclusion of a variable in the 
regression model. Mallows' Cp statistic (Mallows, 
1973; and Sen and Srivastava, 1990) was used in 
this analysis, in an attempt to evaluate the 
optimal number of parameters that should be 
included in the regression model.  

Mallows' Cp statistic compares the error of the 
restricted model (the regression equation for the 
subset of parameters) to the error of the full 
(total-system performance assessment) model (all 
of the independent parameters):

P 

L(y- )2 
C-, -(n-2p)

where Y is the response for the full model with all 
parameters, V is the response for the restricted 
model, s2 is the unbiased estimate of the variance 
(mean square error) for the full model, n is the 
number of observations, and p is the number of
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8. Sensitivity and Uncertainty

independent parameters in restricted model, plus 
one (Walpole and Meyers, 1978).  

When Cp , p, the optimal number of parameters 
for the regression equation has been chosen. In 
this analysis, the use of the C1 statistic for select
ing the optimal number of parameters did not 
give results that were easily interpretable. The CP 
statistic is very sensitive to small changes in the fit 
if (n - 2p) is large (Gunst and Mason, 1980).  
Attempts were made to reduce the number of 
independent parameters to consider, by first per
forming stepwise linear regression, with the F-test 
criterion using = 0.1, and then doing a subse
quent subset selection, with a = 0.05. The com
parison of the a .05 model with the a 0.1 model still 
did not provide easily interpretable results. More 
work is needed to establish the optimal number of 
parameters for subset selection and multilinear 
regression. One aspect that should be considered 
is the predictive capability of the individual 
independent parameters. Another aspect to 
consider is how effectively this statistic might be 
applied to highly non-linear models.  

8.7 Sensitivity and Uncertainty 
Auxiliary Analyses 

The IPA Phase 2 staff took part in a computa
tional exercise to evaluate several methods of 
sensitivity and uncertainty analyses. The purpose 
of these analyses was to demonstrate, on relatively 
simple flow and transport problems, several 
methods for sensitivity and uncertainty analysis 
useful for evaluation of total-system performance 
assessments.  

The work was presented in two reports. The first 
report (Gureghian et al., 1992) covers the deriva
tion and verification of the closed-form analytical 
solutions for one-dimensional saturated transport 
of a radionuclide in a fractured, layered system 
with diffusion into the rock matrix. The material 
properties of individual fractures and rock matrix 
layers were assumed to be homogeneous and iso
tropic. The sorption phenomenon in fractures and 
matrix was described by a retardation coefficients.  
The solutions of the model are based on analytical 
inversions of the Laplace transforms, verified with 
inversions performed numerically. The first mod
ule of the computer program calculates the space
time dependent concentration of a decaying 
species migrating in the fractures and the sur-

rounding matrix. The second module predicts the 
local sensitivities of releases to the independent 
parameters.  

The second report (Wu er al., 1.992) evaluates and 
demonstrates the use of several sensitivity and 
uncertainty analysis methods using the analytical 
model developed by Gureghian et a!. The Limit
State Approach, which was developed initially for 
structural reliability analyses, was investigated for 
its usefulness in IPA. This approach is based on 
partitioning the performance results into two 
parts, one in which the performance measure is 
smaller than a chosen value called the Limit-State, 
and the other in which the performance measure 
is larger. The optimal expansion point in param
eter space, known as the Most Probable Point 
(MPP), has the property that its location on the 
Limit-State surface is closest to the origin. Addi
tionally, the projections onto the parameter axes 
of the vector from the origin to the MPP are the 
sensitivity coefficients. Once the MPP is deter
mined and the Limit-State surface approximated, 
the probability of the performance measure being 
less than the Limit-State can be evaluated. By 
choosing a succession of Limit-States, the entire 
cumulative distribution of the performance meas
ure can be determined. Determining the location 
of the MPP is the crux of the methodology. Meth
ods for determining the MPP and improving the 
estimate of probability are discussed in the 
report.  

The Limit-State Approach is significantly more 
complex than the more commonly used Monte 
Carlo or Latin Hypercube sampling methods. To 
aid understanding of the Limit-State Approach, 
all steps of the method were explained by apply
ing it to two simple examples. The first involved 
calculation of the cumulative probability distribu
tion of the Darcy velocity V, given by V = -K/, 
where K and I are the hydraulic conductivity and 
hydraulic gradient, respectively. Although simple, 
this example turned out to be difficult for the ap
plication of the Limit-State Approach, because of 
the possibility of change of sign of I and hence V.  

The second example applied the Limit-State 
Approach to a one-dimensional transport prob
lem developed in Gureghian et al., and compared 
the results among the more conventional methods 
such as Monte Carlo, LHS, and differential 
analysis for computing both the CCDF and the 
sensitivity coefficients. This problem included 25
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independent parameters. The uncertainty analysis 
used the CCDF for cumulative release as the 
basis for comparison between the methods.  
Results indicated that the Limit-State Approach 
had the potential of being much more efficient in 
terms of computational resources than Latin 
Hypercube or Monte Carlo Sampling. In one case, 
the Limit-State Approach was able to duplicate 
the CCDF produced by a 5000-vector Monte 
Carlo run with only about 600 vectors, and in 
other cases far fewer.  

In general, computational efficiency is propor
tional to the desired accuracy and the choice of 
an approach will depend on the nature of the 
problem. However, the reports demonstrate that 
the Limit-State Approach permits the analyst to 
concentrate on the critical performance region, 
with the potential for optimizing the use of the 
consequence model where it can contribute the 
most information. By contrast, sampling methods 
such as Monte Carlo or LHS must cover the en
tire parameter space, regardless of its importance.  
In addition, the Limit-State Approach leads to 
probabilistic sensitivity analyses, with essentially 
no additional work. In particular, the efficiency of 
the Limit-State Approach is independent of the 
probability level. Therefore, it is more suitable for 
evaluating the tails of the distribution than LHS 
or Monte Carlo sampling. However, the Limit
State Approach is relatively difficult to 
implement.  

The computational efficiency of the Limit-State 
Approach in general depends on the number of 
independent parameters and the efficiency of 
evaluating local sensitivities. When the number of 
independent parameters is large, the Limit-State 
Approach may no longer be efficient unless the 
sensitivities can be determined efficiently, but at 
the expense of simplicity. The efficiency of the 
standard Monte Carlo method depends only on 
the probability level and desired accuracy. It is 
not clear that the Limit-State Approach will be 
the best approach for problems involving large 
numbers of independent parameters.  

8.8 Conclusions and Suggestions for 
Further Work 

The sensitivity and uncertainty analyses in IPA 
Phase 2 involved evaluation of a number of tech
niques that have potential use in the evaluation of

the performance assessment models in a potential-
license application. Many of the techniques used 
have been used in previous performance 
assessment work: stepwise regression analysis, 
CCDFs, differential analysis, and boxplots. In 
addition, the Kolmogorov-Smirnov and Sign tests 
were used to determine parameters important to 
the total-system performance assessment model.  
Techniques for developing regression equation to 
emulate the total-system performance assessment 
model were examined for potential use in deter
mining CCDF sensitivity to changes in parameter 
distribution type, for example.  

Selection of the significant parameters by stepwise 
regression analysis, the K-S test, and the Sign test 
gave similar results. Regression analysis can only 
be applied over the entire parameter space. The 
K-S test can also be applied to different parts of 
the parameter space, in order to test for locally 
important parameters.  

The use of standardized data for stepwise regres
sion gave the same results as the untransformed/ 
raw data and had the advantage of giving dimen
sionless coefficients that could then be compare( 
The estimated multilinear regression coefficients 
for the standardized data were used to determine 
the "uncertainty coefficient" that defined the per
centage of the variance of the model response, 
attributable to variance in the independent 
parameter.  

The results of differential analysis for 14 param
eters about the mean for all parameters agreed 
fairly well with the multilinear regression co
efficients. Several parameters exhibited zero 
sensitivity about the mean, which points to the 
importance of determining local sensitivities at 
several points in the parameter space.  

The question of how many vectors (observations) 
will give valid results needs to be explored. The 
Latin Hypercube sampling strategy reduces the 
number of vectors needed to do a Monte Carlo 
simulation. The covariance of the independent 
variables for 400 vectors was small but non-zero.  
Difficulties associated with application of the CP 
statistic indicates that perhaps more vectors are 
needed. The sampling of more vectors will have 
the disadvantage of requiring longer run times.  
Yet, it should significantly reduce the number ot 
spurious correlations that can result in picking the 
wrong variables by stepwise regression.
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The assumption that covariance was zero was 
made in the sensitivity and uncertainty analyses.  
Future work to consider grouping of parameters 
or covariance among the input parameters is 
important to developing a better understanding of 
model sensitivities.  

The development of a regression equation for the 
purpose of verifying important parameter selec
tion by emulating the total-system performance 
assessment model has potential use in the license 
application review process. It should be empha
sized that regression equations can never replace 
the total-system performance assessment model, 
but are a tool by which to study the sensitivities

associated with performance assessment models.  
The linear estimation used in this analysis is the 
simplest technique; a number of others can be 
explored in future phases of this work.  

In general, the techniques used in the IPA Phase 2 
sensitivity and uncertainty analysis were easy to 
implement. No single technique is valid for the 
sensitivity and uncertainty analyses. The use of a 
combination of techniques is essential to bringing 
out various aspects of the total-system perform
ance assessment model. Future evaluation of other 
techniques such as the "hat" function (Sen and 
Srivastava, 1990) or the Limit-State Approach will 
help to establish which techniques will be most 
useful to the license application review process.
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9 ANALYTICAL RESULTS 1

9.1 Introduction and Caveats 
Concerning the Results of IPA 
Phase 2 

This chapter presents the results of the simulation 
runs of the total-system performance assessment 
(TPA) computer code using the parameter distri
butions presented in Appendix A of this report.  
The results of the simulations are presented as 
complimentary cumulative distribution functions 
(CCDFs) of Normalized Release and Effective 
Dose Equivalent (defined in Chapter 8), distri
bution bar graphs, and scatter plots.  

The results are presented for demonstration pur
poses and are not intended to indicate the poten
tial for repository compliance or non-compliance 
with any of the 10 CFR Part 60 performance 
requirements.  

The following caveats should be taken into 
consideration when reviewing the results of the 
Iterative Performance Assessment (IPA) Phase 2 
effort: 

1. The models used here are based on limited 
site data and have had limited review.  
Preliminary results from some models such as 
the gas transport and 14 C retardation model 
have been presented at US. Nuclear Regulatory 
Commission/US. Department of Energy 
(DOE) Technical Exchanges and before the 
US. Environmental Protection Agency's 
(EPA 's) Scientific Advisory Board. Although 
the overall modeling was more sophisticated 
than that of IPA Phase 1, it was recognized 
that input data were still very limited. In addi
tion, scientists do not yet agree on how ade
quately the various models represent repository 
processes.  

2. The results presented here cannot be con
firmed as accurately representing the behav
ior of the repository.  
The staff has examined the results of runs for 
individual vectors to ensure that for these 

'The figures shown in this chapter present the results from a demon
stration of staff capability to review a performance assessment.  
These figures, like the demonstration, are limited by the use of 
many simplifying assumptions and sparse data.

limited cases, the TPA model appears to be 
performing as designed. However, other than 
software quality assurance (QA) and the above 
mentioned checks, there is no comprehensive 
validation procedure for the TPA model 
available at present, to ensure that the com
puted CCDFs are accurate representations of 
the behavior of the repository system.  

3. There are numerous unverified simplifying 
assumptions in many of the models.  
The models for flow and transport considered 
only a steady rate of infiltration and a con
stant environment, and did not take into ac
count the significant variations in the driving 
forces likely to occur over the performance 
assessment period. Also, the models considered 
that the geosphere was spatially uniform in the 
lateral direction, and did not take into account 
the large variations in material properties that 
exist at the site. In addition, the behavior of 
many thousands of waste packages was repre
sented by ensemble averages, using seven 
representative waste packages.  

4. There are large uncertainties in the input 
data.  
Although the TPA model is intended to deal 
with some data uncertainty through the Latin 
Hypercube Sampling (LHS) process, many of 
the most important parameters have variations 
over several orders of magnitude. For many 
parameter distributions, the means and dis
tribution shapes are based on only a few meas
urements. Also, the analysis did not recognize 
correlations among the independent variables 
in the Monte Carlo analyses, and treated all 
variables as independent. These situations are 
likely to lead to extremes in consequences.  
However, spatial correlations were considered, 
somewhat, in choosing hydrogeologic variables.  

5. Coupled effects between processes and events 
in the scenarios have not been fully modeled 
nor evaluated.  
In IPA Phase 2, an attempt was made to cou
ple some events and processes such as corro
sion and repository cooling. However, complex 
coupled interactions such as moisture 
movement (including infiltration) and gas
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transport have not been modeled in IPA Phase 
2.  

6. The dose calculation is for illustrative 
purposes.  
The dose calculation is based on assumptions 
regarding a postulated biosphere consisting of a 
firm irrigated by well water, a family living on 
the farm, and a distant population consuming 
cattle raised on the farm. There has been rela
tively little research, as a part of IPA Phase 2, 
on the likelihood of these or other assumptions 
regarding future biospheres. In addition, many 
of the coefficients in the dose model are generic 
and not specific to the repository region.  

9.2 Conditional CCDFs and 

Exceedance Probability Curves 

9.2.1 Construction of the CCDFs 

The CCDFs, which express the uncertainty in the 
model results for population doses and EPA 
limits for cumulative release over 10,000 years, are 
presented in different forms, including: 

"* Conditional CCDFs for each scenario; 

" Conditional CCDFs showing performance of 
individual and engineered barriers; and 

" Total CCDFs combining all scenarios for 
both release and dose.  

Normalized Release, which is the primary meas
ure of consequences displayed by the CCDF is 
computed by dividing each radionuclide that 
enters the accessible environment by its limit 
specified in Appendix A, Table 1 of 40 CFR 
Part 191 (Code of Federal Regulations, Title 40, 
"Protection of Environment"), and summing the 
resulting ratios. Effective Dose Equivalent, the 
other measure of consequences displayed by the 
CCDF, is described in Section 7.3.3.  

Both conventional mean CCDFs and "hair" dia
grams have been constructed. The following dis
cussion presents salient points of CCDF con
struction for IPA Phase 2.

9.2.1.1 Conditional CCDFs 

A conditional CCDF is a CCDF constructed for a 
single scenario class with the assumption that the 
scenario class has a probability of occurrence of 
1.0. For each scenario class evaluated under IPA 
Phase 2, a conditional CCDF was constructed in 
the following manner: 

" A vector represents a single sampling for all 
of the sampled variables. The total number of 
vectors to be selected has to be known before 
sampling so that each selection for each 
variable is made from equally probable 
distributions; 

" Each vector is assigned an equal probability 
within the scenario (i.e., for 400 vectors, each 
vector has a probability pi = 1/400); 

" The set of vectors is sorted from lowest to 
highest consequences R (cumulative release 
or dose); 

"* The exceedance probability E of the sorted 
consequences is calculated by the following 
formula:

NI 

Ei = 1-Zpi' , 
i-1

(9-1)

where pi' is the probability of the ith vector of 
the sorted set, and N' is the number of 
vectors in the set; and 

* The CCDF is the graph of Et versus its 
sorted consequences R.  

9.2.1.2 Screened Conditional CCDFs 
This CCDF uses a set of vectors derived from the 
400-vector base case scenario by screening for 
compliance with regulations or ranges of model 
input parameters. It is constructed identically to 
the conditional CCDF described above, but for 
N' - the number of remaining vectors, and still 
assuming equal probability for each remaining 
vector, pi = I/N'. Examples of possible screening 
criteria are waste package lifetimes greater than 
300 years (or 1000 years) and infiltration rates less 
than 0.3 millimeters/year.  

9.2.1.3 Total CCDF 
The total CCDF is constructed by combining vec
tors from all scenarios. The probability of each
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vectorpk', however, is taken to be the scenario 
probability pj divided by the number of vectors Nj 
in the scenario:

PkI -- P Nv, (9-2)

The consequences are then sorted, as before, from 
lowest to highest. The exceedance probability is 
then defined: 

N' 

Ek = ZP'k , (9-3) 
k-i 

where N' is the total number of vectors, and p'k 
are the probabilities for the sorted consequences.  

9.2.1.4 "Hair" Diagrams 

Helton el al. (1991, Section VI) develops an 
alternative method of displaying uncertainty about 
scenarios and parameters for probabilistic 
models. In this technique, "hair diagrams," there 
is one CCDF or "hair" per vector, which displays 
the cumulative probability for each vector (for 
which there is a new set of sampled parameters) 
displayed over the range of scenarios. Among the 
advantage of hair diagrams, Helton et aL states 
the following: 

"... they maintain the distinction between 
scenarios, probabilities for scenarios,

consequences and fixed but imprecisely 
known quantities.... Further, these repre
sentations lead naturally to CCDFs and 
distributions of CCDFs. The distributions of 
CCDFs are important because they display 
the variability that is averaged over to obtain 
the mean CCDFs that are typically used for 
comparison with the EPA release limits." 

Because one line is plotted for each vector, hair 
diagrams are complicated and difficult to inter
pret. To simplify them visually, yet preserve the 
statistical information they contain, the bound
aries of the hair diagram are summarized by 
finding the density function of the exceedance 
probability at a range of values of cumulative 
release, and plotting only the 5 th, 50th, and 9 5 th 

percentiles of this density function; (i.e., for a 
given value of cumulative release Ri, the exceed
ance probabilities are interpreted from all hairs, 
their values sorted, and the 2 0th, 2 00 th, and 38 0th 
values saved to be plotted as the 5 th, 5 0 1h, and 
95th percentile of the hairs.  

9.2.2 Conditional CCDFs for Various 
Scenario Classes 

Four-hundred (400) vector runs were made for 
nine scenario classes. These classes are identified 
in the following table (Table 9-1) along with their 
estimated probabilities of occurrence over the 
next 10,000 years.

Table 9-1 Estimated Probabilities for the Scenario Classes Modeled in the IPA Phase 2 Analysis 

Scenario 
Class Estimated 

Scenario Class Identifiera Probability 

Base Case 0000 _ 0.0 

Climate Change Only (Pluvial) cooo _ 0.0 

Seismicity Only osoo 7.9 x 10-8 

Drilling Only oodo -0.0 

Magmatic Activity Only ooov - 0.0 

Drilling + Seismicity osdo 0.35 

Drilling + Seismicity + Magmatic Activity osdv 1.0 X 10-2 

Drilling + Seismicity + Climate Change csdo 0.62 

Drilling + Seismicity + Magmatic Activity + Climate Changeb csdv 2.0 x 10-2 

"See Section 9.2.3 for explanations of the identifiers.  
bFully disturbed.
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Sccnario classes csdv, csdo, osdv, and osdo were 
chosen from the 16 possible scenarios (see Chap
ter 3) to calculate the exceedance probabilities of 
the releases and doses from their conditional 
exceedance probability curves (CCDFs). These 
are the only scenario classes with occurrence 
probabilities large enough to make a significant 
contribution to total performance. The other cases 
were chosen to evaluate the effect on exceedance 
probabilities by disruptive events acting alone. It 
is assumed that any significant interaction 
between disruptive events (within the capabilities 
of the models to predict) will be picked up in the 
fully disturbed (csdv) case.  

9.2.3 Basic Scenarios 

The basic scenarios computed for the purpose of 
comparison are: the base (or undisturbed) (cooo) 
scenario; the fully disturbed (csdv) scenario; the 
base case disturbed by climate-only (cooo) sce
nario; the base case disturbed by drilling-only 
(oodo) scenario; the base case disturbed by 
seismic-only (osoo) scenario; and the base case 
disturbed by magmatism-only (ooov) scenario.  
The conditional exceedance probabilities (or 
CCDFs) for the Normalized Release for each 
scenario are presented in Figure 9-1. The dotted 
lines represent compliance with the EPA release 
standard.2 The conditional exceedance proba
bilities for dose estimates 3 are presented in Figure 
9-2.  

Scenario plots as defined in this report are scatter 
plots of the results for one scenario plotted 
against the results of another scenario. For the 
IPA Phase 2 analysis, the LHS sets contained 400 
vectors for all production runs. Since all scenario 

2 Currently, a revised set of standards specific to the Yucca Mountain 
site is being developed in accordance with the provisions of the 
Energy Policy Act of 1992. The Energy Policy Act of 1992 (Public 
Law 102-486), approved October 24, 1992, directs NRC to pro
mulgate a rule, modifying 10 CFR Part 60 of its regulations, so 
that these regulations are consistent with EPA's public health and 
safety standards for protection of the public from releases to the 
accessible environment from radioactive materials stored or dis
posed of at Yucca Mountain, Nevada, consistent with the findings 
and recommendations made by the National Academy of Sciences, 
to EPA, on issues relating to the environmental standards 
governing the Yucca Mountain repository. It is assumed that the 
revised EPA standards for the Yucca Mountain site will not be 
substantially different from those currently contained in 40 CFR 
Part 191, particularly as they pertain to the need to conduct a 
quantitative performance assessment as the means to estimate 
postclosure performance of the repository system.  

3Those persons who were assumed to be exposed in the CCDFs for 
the dose include: the members of the farm family (three persons); 
and members of the regional population (177 of them are assumed 
to consume contaminated beef).

runs used the same LHS set and most of the sam,
independent variables, these plots allow the visual 
inspection of the effects of the scenario on the 
model outputs. Scenario plots were used to com
pare the single-event scenarios against the base 
case; that is, scenario cooo (pluvial infiltration 
and higher water table); osoo (seismicity); oodo 
(human intrusion by exploratory drilling); and 
ooov (magmatism); against oooo (undisturbed or 
base case).  

The base case (oooo) scenario represents the cal
culated releases and doses from the repository 
over a 10,000-year performance period, under 
conditions as they are presently perceived to exist 
(allowing for parameter uncertainty) and without 
disturbing events such as drilling, earthquakes, 
magmatism, or change to a pluvial climate. The 
thresholds defined for two of these disturbing 
events, earthquakes and drilling, give them prob
abilities of occurrence of almost 1.0 during the 
period of performance. Hence, the probability of 
occurrence of scenarios not containing these 
events is almost 0.0. The probability of having a 
pluvial climate within the performance assessmer 
period is estimated to be 0.64. Therefore, the 
probability of the base case is very low, and is 
computed primarily for comparison rather than as 
a major contributor to the total exceedance prob
ability curve. The fully disturbed (csdv) scenario 
represents the opposite extreme from the base 
case. In the fully disturbed case, all disruptive 
events being considered (seismicity, drilling, mag
matism, and pluvial) are allowed to act on the 
repository. This scenario is expected to show the 
effects of interactions among events, as well as the 
effects of the events, themselves. An example of 
an expected interaction is pluvial climate (high 
water level and increased infiltration) and seis
mically induced waste package failures.  

As can be seen by comparing the climate-only 
(cooo) scenario with the fully disturbed case (csdv) 
in Figure 9-1, almost all the increase in Normal
ized Release in the high probability part of the 
fully disturbed CCDF over the base case CCDF is 
due to the influence of the pluvial climate (de
scribed in Section 6.2). Figure 9-3 is a scenario 
plot comparing the releases from the pluvial sce
nario with the releases from the base case for the 
same vectors. The influence of climate on the tota.  
releases is very significant for most vectors, even
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though the gas pathway is insensitive to infiltra
tion (the IPA Phase 2 models did not explicitly 
consider the effects of infiltrating water on either 
the release of gaseous radionuclides, nor their 
transport in the geosphere). Although the effect of 
the pluvial conditions is large, there are some 
vectors that are nearly the same or even smaller 
for the pluvial case. This observation is probably 
caused by the following conditions: 

" Contributions to cumulative release from the 
gas pathway are relatively large, compared 
with the liquid pathway; and 

The higher water table during the pluvial 
scenario causes radionuclides to be released 
from the vadose zone into a less permeable 
and slower moving saturated zone than would 
be the case for the non-pluvial conditions.  
This results in a smaller release to the 
accessible environment for the same release 
to the saturated zone.  

Human intrusion, as presented in the base case 
disturbed by drilling-only scenario (oodo) (see 
Section 6.3), in Figure 9-1, does not appear to 
have a discernable effect on the exceedance prob
abilities. There appears to be a low likelihood of a 
direct hit and relatively minor consequences when 
a hit is actually made. The scenario plot, Fig
ure 9-4, shows the releases from the liquid, gas, 
and direct pathways for the drilling-only scenario 
compared with the base case. There are only 
minor differences in the releases from drilling, 
virtually all caused by the direct releases of con
taminated rock. Without the releases of contami
nated rock, the comparison would plot almost 
perfectly as a straight line. There are only minor 
differences in liquid and gas releases caused by a 
few prematurely failed waste packages, but the 
results are too small to be visible on a plot. It 
should be noted that a more in-depth analysis, for 
example, one accounting for the effects of drilling 
fluid, could show an increase in consequences and 
the significance of the scenario.  

The seismic-failure mechanism described in 
Section 6.4 is considered to be very conservative.  
However seismic failure appears to have only a 
small effect on the CCDF, as shown by the com
parison in Figure 9-1. Seismic loading usually 
shortens waste package lifetime by a small

amount, resulting in little increase in the Normal
ized Release.  

The effect of seismicity is more apparent on the 
scenario plot, Figure 9-5a. This figure shows the 
total releases for the seismic-only (osoo) scenario 
compared with the base case scenario. There are 
a significant number of vectors with higher 
releases. The way in which the seismic model is 
employed must permit all containers in any zone 
to fail simultaneously when the seismic criteria 
are exceeded. The vectors having the largest rela
tive release for the seismic scenario had seismic 
parameters allowing relatively early seismic fail
ure, which contributed mostly to large gaseous 
releases from the temperature-dependent 14 C 

source term and transport models. Liquid-only 
releases, presented in scenario plot, Figure 9-5b, 
showed a more modest effect of early seismic 
failures.  

Like pluvial climate (cooo), magmatism (ooov) 
appears to be the only other event to have a sig
nificant, discernable effect on the shape of the 
exceedance probability plot, as shown in Figure 
9-1. Unlike climate, however, magmatism appears 
to affect only the low probability part of the 
curve. The likely explanation is that, as with drill
ing into a waste package canister, the probability 
of a dike intersection with the repository is very 
low even under the conditional assumption that 
the scenario exists. With the magmatism model 
(see Section 6.5) the probability of an intersection 
when coupled with the scenario probability and 
its consequences is high enough and the conse
quences high enough, that the event of magma
tism was able to make a discernable modification 
to the base case exceedance probabilities at the 
tail of the distribution function.  

The scenario plot in Figure 9-6 shows the total 
releases from liquid, gas, and direct pathways for 
the magmatic scenarios. There are a relatively few 
vectors with large releases. Most of the releases 
are identical with the base case because there 
were no magmatic events that happened within 
the repository area and affected releases. The 
largest releases were caused by magmatic cones 
that were assumed to bring radioactive contami
nants directly to the surface. In a few cases, mag
matic dikes caused premature container failure, 
but did not bring any contaminant directly to the 
surface. Subtracting out the direct releases, 
premature failure caused only minor excess
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releases of liquid and gas, too small to be visible 
on a plot.  

9.3 Total System CCDF 

The total CCDF for cumulative release for the 
significant scenarios, csdo, osdo, csdv and osdv, 
was constructed by the procedure described in 
Section 9.2.1 and is shown in Figure 9-7a. The 
corresponding CCDF for dose is shown in Figure 
9-7b. It should be noted that although the effects 
of a high-probability event such as pluvial-climate 
can still be recognized in the total CCDF, the ef
fects of low-probability events such as magmatism 
are obscured. To better preserve the effects of 
both low- and high-probability events, Figure 9-8a 
shows the same information used to construct the 
total CCDF, but plotted as a "hair" diagram, as 
described in Section 9.2.1. Figure 9-8b shows the 
5 th, 5 0 th, and 9 5 th percentiles of the hairs, as 
boundaries from the hair diagram. The signifi
cance of the "hair diagram" is to present the 
entire range of credible releases from the reposi
tory as a function of scenario probability and 
parameter uncertainty. The curve shown in Fig
ure 9-7a incorporates scenario probability and 
parameter uncertainty into a single curve, without 
providing a means of separately evaluating the 
effects of either.  

9.4 Differences Between IPA Phases 1 
and 2, and Comparison of Results 

A complete discussion of results from this total
system performance assessment and future total
system performance assessments must include an 
evaluation of why the results differ among various 
analyses. If a baseline CCDF is established, the 
effects of changing assumptions and parameter 
values can be quantitatively examined. At the 
present time, the only baseline developed by the 
staff for comparison is the CCDF from the IPA 
Phase 1 study. IPA Phases 1 and 2 were signifi
cantly different in terms of scope and approach, 
in many areas. A description of the major im
provements in IPA Phase 2 over Phase 1 provides 
an indication of the amount and relative signifi
cance of factors that may be influencing the 
difference.

9.4.1 Improvements in IPA Phase 2 Likely to 
Affect Results 

9.4.1.1 Scenarios 

Only a limited set of scenario classes was con
sidered in IPA Phase 1, drilling and pluvial con
ditions, resulting in four scenarios. However, for 
the IPA Phase 2 analysis, the staff applied the 
Sandia National Laboratories (SNL) scenario
selection methodology for use in the consequence 
analysis of a potential high-level (HLW) waste 
disposal site (see Cranwell et al., 1990). Based on 
the staff evaluation and modification of the SNL 
methodology, four scenario classes were consid
ered (climate change, seismicity, magamatism, 
and human intrusion) from which 16 scenarios 
resulted. In IPA Phase 1, the occurrence proba
bility of pluvial climate was assumed to be 0.10. In 
IPA Phase 2, the occurrence probability of pluvial 
climate was determined to be 0.64 (Chapter 3).  
The probability of the drilling scenario class at 
the site was determined to be approximately equal 
to 1.0 in both IPA Phase 1 and Phase 2.  

9.4.1.2 Pathways 

The IPA Phase 1 effort identified and accounted 
for a number of important attributes of the Yucca 
Mountain site (e.g., stratigraphic changes below 
the repository in the unsaturated zone and differ
ences between matrix and fracture flow). As dis
cussed in Chapter 4, the IPA Phase 2 effort not 
only has maintained the important attributes 
identified in the Phase 1, study but has added 
further modeling complexity such as: 

* Saturated zone pathways to the accessible 
environment; 

* Calculation of radionuclide concentration for 
dose assessment; and 

0 Both fracture and matrix pathways allowed 
within a vector.  

The additional complexity provided additional 
insights into: the performance of fractured rock as 
geologic barrier; data requirements; and the capa
bilities of the utilized computational methods.  

Also, three transport pathways were considered in 
IPA Phase 2 (i.e., gaseous, aqueous, and direct) 
compared with one transport pathway (i.e., aque
ous) in Phase 1. In the gas-phase transport
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9. Analytical Results

calculations, advection, radioactive decay, and 
temperature effects were considered. The 
retardation coefficients used for the gas-phase 
calculation also accounted for equilibrium 
speciation.  

9.4.1.3 Source Term 

The modeling of waste-package failure was non
mechanistic in IPA Phase 1. The model used by 
the staff to calculate the source term in IPA Phase 
1 was that incorporated in the NEFTRAN com
puter code obtained from SNL (see Longsine et 
al., 1987). In this model, radionuclide releases 
would occur only after failure of the waste pack
age, characterized as a single failure time for the 
entire repository.  

As discussed in Chapter 5, the staff developed its 
own computer code to calculate the source term 
in IPA Phase 2. The SOTEC module (see Sagar et 
al. (1992)) deals with the calculation of aqueous 
and gaseous radionuclide time- and space
dependent source terms for the geologic reposi
tory. It does so by considering the variations in 
those physical processes expected to be important 
for the release of radionuclides from the engi
neered barrier system (EBS).  

Three primary calculations are done in SOTEC: 
(a) failure of waste packages because of a combi
nation of corrosion processes and mechanical 
stresses; (b) the leaching of spent nuclear fuel; 
and (c) the release of 1 4CO 2 gas from the oxida
tion of U0 2 and other components in spent 
nuclear fuel and hardware. Other principal 
features of the IPA Phase 2 source term model 
include representation of the repository by seven 
separate regions (or sub-areas) and the consider
ation of 20 radionuclides, based on a screening 
analysis. The IPA Phase 1 analysis considered 28 
radionuclides. The screening analysis for 
radionuclides is described in Section 5.2.4 of this 
report.  

9.4.2 Possible Reasons for Differences in 
Results 

Figure 9-9 shows the total system CCDFs for the 
IPA Phase 1 and Phase 2 analyses. The Phase 1 
CCDF has relatively higher releases in the high
risk portion of the curve (i.e., the left side), but 
lower releases in the low-risk portion. As dis-

cussed in Section 9.4.1, the Phase 1 and Phase 2 
models were quite different in a number of im
portant aspects, so it is difficult to pinpoint the 
exact causes of the differences in results. Some of 
the differences in the total system CCDFs may 
have been caused by the following specific factors: 

1. Waste package failure model. The IPA Phase 1 
study had a non-mechanistic model of waste 
package canister failure, which assumed a 
probability distribution of failure times.  
Furthermore, all canisters in the four mod
eled repository sub-areas were assumed to 
fail at the same time. The IPA Phase 2 model 
employs a mechanistic model of canister fail
ure that calculates the failure time based on 
assumptions about canister wetting, corro
sion, and seismic forces. Furthermore, the 
failure times of the canisters in the seven 
modeled sub-areas were independent of each 
other.  

2. Release rate from failed canisters. The IPA 
Phase 1 model for source term based release 
rate of dissolved radionuclides from the 
waste form on the solubility of either the 
uranium matrix or the individual radio
nuclides for a given flow rate through the 
canister, and carried away only in the advec
tive flow. Carbon-14 gaseous releases were 
not included explicitly in the IPA Phase 1 
model. The IPA Phase 2 model includes 
several important improvements: 

" Solubility limited by collection of iso
topes of each element; 

"* A temperature-dependent model for 14C 
release from several compartments of the 
fuel; and 

"* Diffusive as well as advective transport 
from the canister.  

3. Several of the parameters common to both IPA 
Phases I and 2 had different values. Rate of 
water influx-This value was an assumed 
fraction of the infiltration rate in IPA Phase 
1, but was calculated explicitly from the 
fracture-flow modeling in Phase 2. Only 
fracture flow at the repository horizon 
contributed to advective transport through 
the canister.
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9. Analytical Results

Contact fraction with waste-The fraction of 
infiltrating water contacting the waste was 
chosen from a uniform distribution in both 
the IPA Phase 1 and 2 models from a range 
related to the cross-sectional area of the 
boreholes. The contact fraction was chosen to 
be 0.002 to 0.01 in Phase 1. The equivalent 
range for IPA Phase 2 was about 0 to 0.002, 
which is considerably lower. Furthermore, 
only the fracture flow portion of the total 
infiltration could reach the waste package in 
Phase 2, whereas both the fracture and 
matrix flow parts of the flow could be in
volved in Phase 1.  

Infiltration Rate-The range of infiltration 
rates for the base case (oooo) and the pluvial
climate case (cooo) was the same in both IPA 
Phase 1 and Phase 2. The type of distribution 
chosen was different, however. A uniform 
distribution was chosen in Phase 1 for both 
the base case and the pluvial case. For IPA 
Phase 2, a log-uniform distribution was 
assumed for both cases.  

4. Radionuclide contributions. The largest con
tributors to cumulative release at the accessi
ble environment for the IPA Phase 1 study 
were the isotopes of plutonium, but they were 
relatively unimportant in Phase 2. The solu
bility range of plutonium for IPA Phase I was 
5.0 x 10- to 3.0 x 10-3 kilograms/cubic 
meter sampled from a log-uniform distribu
tion. In IPA Phase 2, thermodynamic calcula
tions and the consideration of both oxidizing 
and reducing environments resulted in a 
range of 2.0 x 10-7 to 5.0 x 10-4 kilograms/ 
cubic meter, which is considerably smaller.  
Furthermore, solubility in Phase 1 was based 
on single radionuclides, wherever the IPA 
Phase 2 model considered all isotopes of an 
element in this determination.  

5. Carbon-14 gaseous releases. The IPA Phase 1 
model did not include the releases of 14C gas 
to the accessible environment. The release of 
14C gas was a major contributor to the cumu
lative release to the accessible environment in 
the IPA Phase 2 model. Furthermore, the IPA 
Phase 2 model predicted this release to occur 
at high conditional probabilities and inde
pendent of the release of the dissolved 
radionuclides.

6. Scenario probabilities. Except as noted under 
Item 3, above, the application of the pluvial
climate scenario has been reasonably similar 
in both IPA Phases 1 and 2. However, the 
probability of the pluvial climate was arbi
trarily assumed to be 0.1.0 in IPA Phase 1 and 
determined by analysis of paleo-hydrologic 
data to be 0.64 in IPA Phase 2. In both IPA 
phases, pluvial-climate conditions result in a 
significant increase in releases at high 
conditional probabilities.  

9.4.3 Conclusions 

The modeling improvements from IPA Phase 1 to 
Phase 2 were numerous and in some cases cannot 
be easily separated, such as in the case of waste 
canister-failure mechanisms resulting in the re
lease of 14C and other radionuclides and the 
incorporation of a gas-transport pathway. Hence, 
the calculation of a quantitative measure of the 
effect of each individual change or improvement 
is not considered feasible. A visual inspection of 
the curves indicates that the difference in occur
rence probabilities assigned to the pluvial-climate 
scenario, and the incorporation of the gas path
way in Phase 2 may be the primary factors. In 
future IPA phases it will be feasible to analyze the 
effect on the CCDF for every significant change in 
the analysis, including modifications to models, 
parameter distributions, and scenario classes.  

9.5 Effects of Modeled Performance of 
Natural and Engineered Barriers 
on Total System Performance 

This section presents repository performance in 
terms of factors related to the behavior of the 
engineered and natural barriers. In IPA Phase 2, 
the factors investigated were the integrity of the 
waste packages, the rate of release of radio
nuclides from the engineered barriers, and the 
travel time of water through the geosphere. One 
of the primary goals of the IPA effort is to give 
insight to the effectiveness and ability to imple
ment NRC's regulation applicable to the geologic 
repository. The regulatory requirements in 10 
CFR 60.113 address "three subsystem perform
ance objectives," namely substantially complete 
containment (SCC) of waste in the waste package, 
(10 CFR 60.113(a)(1)(ii)(A)), controlled fractional 
release rate from the EBS (10 CFR 60.113(a)(1)(ii) 
(B)), and pre-waste-emplacement ground-water
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travel time (GWTT) (10 CFR 60.113(a)(2)). The 
results presented in this section portray the over
all (total) system performance in terms of the 
staff's understanding of the primary factors con
tributing to waste containment. The calculations 
are not for the purpose of directly drawing a 
comparison between overall system performance 
in terms of release or dose and the subsystem 
performance measures. There are primarily two 
reasons for this distinction: (1) the subsystem 
performance measures are supposed to be inde
pendent requirements ensuring a minimal per
formance of each of the multiple barriers in a 
geologic repository, unrelated to the total system 
performance; and (2) the characterizations of 
SCC, EBS release rate, and GWTT used in IPA 
Phase 2 are crude and incomplete, and do not 
exactly conform to the definitions of those quanti
ties in 10 CFR Part 60. For example, the "liquid" 
travel time, as used in this report, does not 
include the 10 CFR Part 60 concept of the 
"disturbed zone" (10 CFR 60.2) and is for post
emplacement rather than pre-emplacement 
conditions. Furthermore, the "liquid" travel time 
calculated in the TPA computer code program 
(described in Chapter 4) is an abstraction based 
on the fastest combination of possible fracture 
and matrix pathways, and does not correspond to 
a realistic flow path. Nevertheless, the following 
comparisons shed light on the importance of the 
engineered and natural barriers to the total 
system performance.  

Screened Conditional CCDFs are used for these 
comparisons. As explained in Section 9.2.1, these 
plots are generated by "screening out" vectors 
according to a criterion, and using only the re
maining vectors to produce the CCDFs. The 
criteria used in the present study were: 

" Infiltration less than 1 or 2 millimeters/year 
(discussed in Section 10.3).  

"* Travel time of water in geosphere less than 
1200, 1100, and 1000 years (discussed in 
Section 9.5.1).  

"* Release rates of radionuclides from the EBS 
less than 10- 5/year of the 1000 year inventory 
(discussed in Section 9.5.2).  

"* Waste package lifetimes of 300 or 1000 years 
(discussed in Section 9.5.3).

9.5.1 Effect of Travel Time of Water through 
the Geosphere 

The NRC regulations in 10 CFR 60.113(a)(2) pro
scribe that the site for a geologic repository 
possesses the property of pre-waste emplacement 
GWTT along the fastest pathway from the dis
turbed zone to the accessible environment of less 
than 1000 years (or other criteria chosen by the 
Commission (10 CFR 60.113(b)). Since there is 
not yet an unambiguous definition of GWTT, four 
distinct "liquid" travel times have been defined 
for each vector for the present study: 

" Fastest-the minimum time for the transport 
of a non-diffusing particle along the fastest 
combination of possible matrix and fracture 
pathways in any of the seven flow columns 
representing the repository.  

" Most fltu-the travel time through the path
way associated with the greatest flux from the 
repository to the accessible environment.  

" Flux averaged--the average travel time for all 
paths, weighted by the flux in each path.  

* Averaged-the average travel time for all 
paths, irrespective of the flux in each path.  

For the purpose of IPA Phase 2, only liquid re
leases were included in this analysis; releases of 
gaseous 14C were completely insensitive to liquid 
travel time. Carbon-14 was the major contributor 
to the normalized releases; therefore the inclusion 
of gaseous releases would have further masked 
the sensitivity of Normalized Release to travel 
time. Figure 9-10a shows the scatter plot of liquid 
travel time versus normalized liquid release for 
each of the four definitions of travel time listed 
above. Fastest travel time and most flux travel 
time are similarly distributed with travel times 
controlled by fracture flow clustered at the short 
time end and travel times controlled by matrix 
flow at the long time end. Also, similarly distrib
uted are average travel time and flux averaged 
travel time. The fact that the fastest travel times 
and most flux travel times are clustered around 
1000 years for cases controlled by fracture flow is 
an aspect of the site and the models chosen.  
Correlation coefficients were also calculated for 
the relationship between normalized liquid release 
and travel time for the four definitions. The flux 
normalized travel time had the highest coefficient
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9. Analytical Results

correlation (-.52), followed by most flux (-.23), 
fastest (-.17), and average (-.05).  

Figure 9-10b shows the sensitivity of the CCDF of 
liquid release in the base case (oooo) scenario to 
excluding all or portions of cases with some frac
ture flow. As expected, excluding all cases involv
ing a fast path to the accessible environment 
reduces liquid releases to very small amounts.  
Excluding some of the fast path cases by using a 
criterion of 1000 or 1100 years does not have a 
significant effect on the CCDF even though a 
large portion of the fast path cases is being 
removed.  

9.5.2 Effect of Release Rate from the EBS 

The NRC regulations set forth in 10 CFR 60.113 
(a)(1)(ii)(B) specify that the release rate of any 
radionuclides from the EBS should be 10- 5/year 
or less of the 1000 year inventory. Figure 9-11 
shows that the CCDF for the base case (cooo) 
scenario responds mildly to screening out the 
vectors that had release rates greater than 
10- 5/year of the 1000-year inventory and greater 
than 0.1 percent of the calculated total release 
rate limit.  

9.5.3 Effect of Waste Package Lifetime 

Figure 9-12a shows the distribution of waste 
package failure time for the base case scenario.  
Figure 9-12b shows the CCDF sensitivity to 
screening for waste package lifetimes (other than 
initial failures) that are less than 300 or 1000 
years, as specified in 10 CFR 60.113(a)(1)(ii)(A).  
Long waste package lifetimes substantially de
crease the release. Much of this benefit is derived 
from the suppression of releases of 14C from early 
failures of waste containers, during the time when 
the containers are hot and gaseous travel times 
are shortest. Figure 9-12c shows the CCDF sensi
tivity plot for the same case, but for gaseous re
leases only. Figure 9-12d shows a scatterplot for 
all vectors of gaseous 14C release to the accessible 
environment as a function of minimum failure 
time. There is a clear trend of high gaseous re
leases for short waste package lifetimes.  

The effect of waste package failure time on com
pliance with the NRC release rate criterion was 
also investigated. Figure 9-12e is a scatter plot of 
fraction of the 1000-year inventory being released

through the EBS, for dissolved radionuclides (in
cluding 14C) versus the time of the maximum 
release for four selected radionuclides. The bi
modal nature of the plots for three of the radio
nuclides is caused by the large differences in cool
ing time (and therefore time-of-container failure) 
for different parts of the geologic repository.  
There does not appear to be any significant rela
tionship between time of release and EBS release 
rate of dissolved radionuclides. Americium-241 
has a relatively short half-life and is not a daugh
ter of any of the other radionuclides in the list, 
and therefore does not display a bi-modal distri
bution. Although not plotted, one would expect 
that short failure times would also be related to 
higher releases of gaseous 14C because of the 
dependence of the release model on temperature.  

9.5.4 Effects of the Performance of All 
Natural and Engineered Barriers 

Figure 9-13 shows the CCDFs for total liquid and 
gas cumulative releases in the base case scenario, 
with the effects of all natural and engineered 
barriers separately and in unison. Screening the 
vectors on the basis of barrier performance leads 
to a CCDF considerably better (in terms of com
pliance) than the unscreened vectors. Note that 
only 18 of the 400 vectors "passed" the screening 
tests, so the CCDF might not be statistically 
convergent.  

9.6 Illustration of Individual Annual 
Dose Calculation 

In IPA Phase 2, two types of average annual indi
vidual ingestion doses (reins/year) were derived 
from the 10,000-year cumulative population doses 
calculated by DITTY: (1) a crude estimate of dose 
for an individual member of the farm family who 
obtains his/her only source of drinking water from 
the contaminated well discussed in Chapter 7; and 
(2) a crude estimate of dose for the 177 individ
uals who reside within 100 kilometers of Yucca 
Mountain and who eat contaminated beef (whose 
only source of food was vegetation irrigated with 
the contaminated well water). Estimates of these 
individual doses are presented as histograms in 
Figure 9-14.  

The doses in Figure 9-14 should not be construed 
as accurate estimates of individual annual doses
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9. Analytical Results

at Yucca Mountain, Nevada. They were included 
in this report only to illustrate some of the 
statistical techniques available to the NRC staff 
for use in future performance assessments. The 
method used to calculate individual doses in 
Figure 9-14 is based on the incorrect assumption 
that the release rate of any single radionuclide 
into water or beef remains approximately constant 

throughout the entire 10,000-year period of expo
sure. Since the times of release of radionuclides 
from the repository were random (as determined 
by LHS sampling), and the concentrations in the 
accessible environment because of these releases 
are generally pulses or step functions, this as
sumption is not appropriate. The crude individual 
dose values in Figure 9-14 therefore underesti
mate the "peak" individual dose values by an 
unknown amount.  

The doses in Figure 9-14 were derived as follows.  
For any scenario class, each of the 400 vectors 
obtained from parameter distributions by LHS 
sampling was used to generate a corresponding 
10,000-year population dose. The 400 dose values 
plotted in Figure 9-14 correspond to the set of 
400 vectors associated with a scenario class in IPA 
Phase 2. For each vector, the fraction of 10,000
year dose calculated by DITTY, which was caused 
either by ingestion of contaminated beef or con
taminated drinking water, was divided by 10,000 
years (the exposure period) and either by 3 or 177 
(the number of members in the family or the 
number of beef eaters) to obtain the very crude 
estimates of the individual doses in reins/year.  
The doses caused by the inhalation of airborne 
radioactivity by the 22,200 individuals (those who 
reside within 100 kilometers of the repository) 
were of the order of millirems over the 10,000-year 
exposure period. Since the individual doses 
caused by inhalation were negligible compared 
with the individual doses caused by ingestion of 
water and beef, they were not included in the 
histograms of Figure 9-14.  

In future phases of IPA, more appropriate com
puter codes (e.g., GENII (see Napier et al., 1988)) 
may be required to obtain significantly better esti
mates of these individual annual doses. In addi
tion, the transport modules will have to supply 
time-varying concentration data to the dose mod
ules. In future performance assessments, the NRC 
staff may also need to devise a strategy to relate 
distributions of individual doses obtained in a

probabilistic performance assessment (such as 
those illustrated in Figure 9-14) to a deterministic 
individual dose standard such as that proposed in 
40 CFR 191.15 (EPA, 1993; 58 FR 7935).  

9.7 Summary and Conclusions 
In this chapter, the results of the total-system per
formance assessment analyses were presented in 
terms of CCDFs, conditional CCDFs, single
vector CCDFs, scatter plots, and screened condi
tional CCDFs. Although the graphs were pre
sented for demonstration purposes only, many of 
the representations were found to be especially 
useful for examining some specific aspects of the 
analyses. The scenario plots, for example, have 
proven to be a useful tool for evaluating the effect 
of disruptive event scenarios on individual vec
tors. Also, scenario-conditional CCDFs and 
single-vector CCDF plots ("hair diagrams") 
proved to be useful for displaying the results of 
variable uncertainty and scenario probability 
assumptions.  

The difference between CCDFs of releases in the 
IPA Phase 1 and Phase 2 analyses was primarily 
caused by the greatly increased probability of the 
pluvial-climate scenario class in Phase 2, and the 
addition of the gas pathway for 14C migration in 
Phase 2.  

The relationship between the performance of the 
natural barrier as measured by liquid travel time 
and the EPA release criterion depends on what 
definition of liquid travel time is used. When 
liquid travel time is defined along the "fastest" 
pathway or the "most flux pathway," there is a 
bi-modal distribution because of the sharp dis
tinction between matrix and fracture controlled 
flow. When travel time is "averaged" or "flux
normalized" this bi-modal distribution does not 
occur. Correlation analysis showed a significant 
relationship between flux-normalized travel time 
and Normalized Release. For an averaged liquid 
travel time there was almost no correlation. Cer
tainly, the type of flow (fracture or matrix) that is 
strongly influenced by the sampled infiltration 
rate appears to be the primary factor in reducing 
waterborne radionuclide movement to the acces
sible environment.  

Little correlation was shown between the frac
tional release rate performance measure and the 
Normalized Release. Meeting the NRC EBS
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release-rate criterion, alone, did not guarantee a 
Normalized Release less than 1. The staff con
cludes that more work is necessary to evaluate the 
relationship of the NRC EBS release-rate criterion 
to total system performance, as well as the feasi
bility of repository designs to meet the criterion.  

Waste package lifetime appeared to have a signifi
cant effect on the Normalized Release for the liq
uid and gaseous components. Early waste canister 
failures were generally found to result in large 14C 
releases to the accessible environment, primarily 
because of enhanced transport from large thermal 
gradients, and increased rates of 14 CO 2 genera
tion at higher temperatures. Significant sensitivity 
of releases to waste package failure times was ob
served in the 300- to 1000-year range. The effect of 
release time (a function of waste package lifetime)

on compliance with the NRC EBS release-rate 
criterion, however, did not appear to be 
significant.  

The effect of compliance with all of the NRC sub
system performance requirements, on meeting the 
EPA release limit, must be considered inconclu
sive, because of the small number of realizations 
that met all three criteria. Future analyses, using 
selected ranges of sampled values and more 
realistic (less conservative) models, may provide 
more definitive insights.  

The individual dose calculation, although illustra
tive for the sake of comparison, is neither con
servative nor accurate. Significant improvement in 
all phases of the performance assessment will be 
required if individual dose is to be calculated for 
regulatory purposes.
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10.1 Introduction 

As noted in Chapter 1, a major goal of the Iter
ative Performance Assessment (IPA) effort is to 
develop the necessary knowledge, tools, and 
methodologies to provide a basis for the U.S.  
Nuclear Regulatory Commission staff to evaluate 
the adequacy of the U.S. Department of Energy's 
(DOE's) site characterization program (in the 
context of integrated repository performance) as 
well as for reviewing the performance assessment 
submitted as part of a potential license applica
tion. Further development of these tools and pro
cedures is planned in future IPA iterations. In 
reviewing the results of IPA Phase 2, the staff 
evaluated the adequacy of the methodology and 
the adequacy of the scientific bases used for these 
analyses. This evaluation is discussed in Section 
10.2.  

The staff gained insights from developing and 
evaluating the system code computational mod
ules, performing the auxiliary analyses, and per
forming the sensitivity and uncertainty analyses 
on the results of IPA Phase 2. These insights 
include the relative importance of various site 
characteristics, design features, and repository 
processes to repository performance. Insights 
gained from performance assessment results (and 
limited by the accuracy of the models used) in
clude evaluation of the relationships between the 
performance of natural and engineered barriers 
and performance of the repository, and evaluation 
of dose and release estimates and their relation
ship to scenario class and pathway. Insights and 
conclusions are discussed in Section 10.3.  

Section 10.4 discusses additional research, model
ing improvements and supporting analyses that 
will be needed to improve the methodology and 
scientific basis of future performance assess
ments. In Section 10.4.1, necessary research falling 
under the responsibility of DOE or its contractors 
has also been included. In some cases it will be 
necessary for NRC, as well as DOE, to pursue a 
more thorough understanding of the scientific 
bases of the subsystem models, as well as im
provements to the codes that incorporate the 
models, so that NRC can evaluate critical DOE 
assumptions, conceptual descriptions, and

mathematical representations of repository 
performance.  

10.2 Evaluation of IPA Phase 2 
Methodology and Scientific Bases 
for Analyses 

10.2.1 Adequacy of Methodology 

The methodology evaluated, which is described in 
previous chapters, includes the simulation struc
ture and treatment of uncertainty, scenario analy
sis, consequence analysis, the calculation of com
plementary cumulative distribution functions 
(CCDFs) for the normalized release and dose, 
and the use of auxiliary analyses to support model 
assumptions. An objective of IPA Phase 2 was to 
evaluate particular aspects of the performance 
assessment methodology, developed and trans
ferred to NRC by the Sandia National Labora
tories (SNL), including the models and codes for 
flow and transport in partially saturated fractured 
rock (i.e., DCM3D-flow; NEFTRAN IH-radio
nuclide chain transport) and the scenario analysis 
methodology. The purpose of this section is to 
discuss the adequacy of various aspects of the 
IPA Phase 2 performance assessment method
ology, including that developed by SNL.  

The Monte Carlo simulation of multiple vectors 
or realizations, used in IPA Phase 2, is a common 
approach to uncertainty analysis, and was used in 
the IPA Phase 1 study (Codell et al., 1992) and 
other recent studies, such as the SNL perform
ance assessments for the Waste Isolation Pilot 
Plant (WIPP) (Helton et al., 1991), the SNL 
performance assessments for Yucca Mountain 
(Barnard et al., 1992; and Wilson et al., 1994), and 
the Pacific Northwest Laboratory (PNL) perform
ance assessment for Yucca Mountain (Eslinger et 
al., 1993). This procedure allows the propagation 
of parameter uncertainty through a series of 
linked models. Model uncertainty and uncertainty 
resulting from the spatial variability of the param
eters, however, are not reflected directly in the 
results (although some of these uncertainties have 
been represented by input parameter variability).  

The SNL scenario selection methodology (Cran
well et al., 1990), whose modification and imple
mentation were described in Chapter 3, provided
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an adequate basis for the staff's scenario analysis 
in IPA Phase 2. Sixteen mutually exclusive scen
ario classes, with associated estimated probabil
ities, were generated from an initial list of 17 
potentially disruptive events and processes, of 
which four events and processes remained after 
screening for combination into scenario classes.  
These 16 scenario classes were provided for incor
poration in the consequence analysis. Definition 
of repository system boundaries for the analysis 
kept the number of scenarios requiring evaluation 
to a tractable number.  

The consequence models, described in Chapters 4 
to 6, represent a limited attempt to estimate, for 
the most part using mechanistic models, the per
formance of the repository under selected sce
nario classes for each sampled realization. The 
increasingly mechanistic nature of the conse
quence models is considered to be a positive 
improvement over IPA Phase 1, because it has 
and will allow in future developments, more 
representative and realistic coupling between 
processes, and because the use of mechanistic 
models allows a more direct and transparent iden
tification of needed information and data. The 
IPA Phase 2 models have not been run for time
varying boundary conditions (e.g., time-varying 
percolation flux through the repository for source 
term and dissolved transport models). However, 
some of the models allow for transient conditions 
caused by repository heat (e.g., gas flux for 14C 

transport), which is a function of time. Changing 
near-field temperatures caused by repository heat 
also influence the start of waste package corrosion 
and fuel alteration rates. Changing far-field temp
eratures influence gas transport. An alternative to 
this limited dynamic approach may be to employ 
stochastic time series generation of environmental 
processes, such as that employed in a perform
ance assessment in the United Kingdom (see 
HMIP/DOE, 1993). Also, in the IPA Phase 2 con
sequence models (described in Chapter 6), limita
tions in site characterization data and excessively 
long computer code run times required the use of 
one- (1-D) and two-dimensional (2-D) transport 
models, where a full three-dimensional (3-D), 
transient approach may have been more appro
priate. Although 3-D models may remain 
impractical to include directly in the IPA evalu
ations, they can be used to develop abstracted 
codes.

The calculation of CCDFs, described in Chapt 
9, was based on the assumption of equal proba
bility for each realization determined for a sce
nario class. There were three presentations of 
CCDFs in IPA Phase 2: (1) conditional CCDF 
curves for each scenario class representing the 
parameter uncertainty; (2) composite or total 
CCDF curves representing all scenario classes; 
and (3) "hair diagrams," which are CCDF curves 
for multiple parameter vectors, each representing 
all scenario classes. The conditional CCDFs 
present repository behavior for each scenario 
class. They are combined to form the composite 
or total CCDF by weighting each by its scenario 
probability. The "hair diagram" presents the same 
information in a different way, keeping separate 
the scenario and parametric probabilities. For 
that reason, the extremes of system behavior may 
be better demonstrated with the hair CCDFs. For 
example the effects of extreme parametric values 
can be displayed for both high probability events 
(climate change) and low probability events (mag
matism). The mean of all of the hair CCDFs gives 
the same composite or total CCDF that would be 
calculated by combining the scenario CCDFs.  

A comparison between the CCDF of cumulati,, 
radionuclide release resulting from the IPA Phase 
2 analysis and the CCDF computed by the earlier 
Phase 1 analysis demonstrated several significant 
differences. Much of the difference could be ex
plained by the incorporation of the gas transport 
pathway in Phase 2 and the assignment of a 
higher probability of occurrence for the pluvial 
(climate) event. Similar comparisons in future 
climate phases of IPA should be easier and more 
informative because comparisons are expected to 
be made after each incremental change rather 
then only at the completion of major revisions in 
the total-system performance assessment.  

Auxiliary analyses are an important part of NRC's 
IPA methodology. Auxiliary analyses were used 
for development of the abstracted models de
scribed in Chapters 4 and 5 from more sophisti
cated models, to synthesize parameter values and 
distributions from more fundamental data, and to 
place the results of the analyses in perspective.  
The auxiliary analyses were used to set some con
stant parameters such as water level during the 
pluvial climate event, geochemical parameters for 
various strata and radionuclides, and to deter
mine the 1-D flow path characteristics for the 
liquid flow and transport computations. The
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auxiliary analyses proved to be an indispensable 
and integral element of the staff IPA effort.  

The use of the DCM3D and NEFTRAN II com
puter programs proved to be useful for imple
menting the conceptual models for liquid flow and 
transport of radionuclides, respectively. DCM3D 
was not used directly in the total-system perform
ance assessment (TPA) computer code, but was 
used principally to partition the groundwater flow 
between the fracture and matrix systems for input 
to NEFTRAN H. The transport of radionuclides 
was simulated using NEFTRAN II, which 
accounted for element-specific retardation, radio
active decay, and generation of radioactive prog
eny. This simple representation kept the fracture 
and matrix flow systems separate. More complex 
representations may require features of the com
puter programs not used in the current analysis 
(e.g., transient flow fields, matrix diffusion, and 
3-D models) or computer programs that represent 
additional processes (e.g., multi-phase flow).  

Overall, the methodology provides a structured, 
analytical approach for estimating performance of 
a potential geologic repository. Various aspects of 
the methodology require improvement, such as 
consequence models, and the estimation of sce
nario probabilities, as discussed in Section 10.4.  

10.2.2 Adequacy of Scientific Basis for the 
IPA Phase 2 Analyses 

For the purposes of this discussion, the scientific 
basis for analysis was considered to be published 
information about the site and the proposed 
repository design, published research conducted 
by DOE and its contractors, and NRC-sponsored 
research. Broader scientific and technical litera
ture, including published performance assess
ments such as that performed for the WIPP 
project (Helton et al., 1991), was used to supple
ment this information.  

The scientific basis for analysis is improving 
through site characterization activities and re
search. However, the existing scientific basis is far 
from adequate to allow an accurate assessment of 
compliance with any of the applicable perform
ance objectives with reasonable assurance. The 
paucity of data about the site is probably the 
greatest inadequacy. For example, the state of site

characterization at the time these analyses were 
performed did not support a consensus among 
hydrologists about conceptual models of water 
movement through Yucca Mountain nor the 
appropriate paradigm for modeling transport of 
radionuclides. Far-field geochemistry, especially in 
its application to transport by fracture flow, is 
another area where conservative approximations 
have been used in the IPA Phase 2 analysis to 
account for uncertainty. In this analysis, there was 
assumed conservatively to be no retardation in the 
fractures. Credible models of retardation proc
esses, especially in fractures, would reduce the 
level of conservatism for this process.  

The NRC staff has modeled the 1988 Site Char
acterization Plan (SCP) repository design (DOE, 
1988) to the extent practical, although the staff is 
aware of proposed design changes. Because of the 
preliminary nature of the design, many of the cal
culations have been performed as conservative or 
bounding analyses. Examples of such analyses are 
the seismic failure model for the waste packages, 
the waste package corrosion model, and the waste 
dissolution model. To the extent practicable, the 
SCP design has been used as a basis for model
ing. Many aspects of the repository design are 
expected to change and the waste package design 
is likely to change significantly. Changes in place
ment configuration, such as from vertical to 
horizontal, will affect the waste dissolution and 
release models. Changes to thermal loading will 
affect the near-field hydrology of the waste pack
ages and the circulation of rock gas.  

10.2.3 Conclusions Regarding IPA Phase 2 
Methodology and Analyses 

The methodology can and must be improved as 
more data become available and the understand
ing of the site matures. However, the staff con
siders the present methodology suitable to gain 
insight into the significance of many of the ger
mane parameters and processes and to gain 
insights regarding model development, repository 
performance, and research and technical assist
ance needs. However, the data and scientific 
understanding of the site are not sufficient at the 
current time to predict potential repository per
formance with certainty. Furthermore, several 
areas of modeling need improvement in order to 
have confidence in the estimates of performance.  
The computed CCDFs presented in this report
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should not be taken to be indicative of actual 
repository system performance.  

10.3 Insights and Conclusions From 
IPA Phase 2 

10.3.1 Significant Insights and Conclusions 
from Model Development and from the 
Sensitivity and Uncertainty Analyses 

The purpose of this section is to discuss insights 
identified through model development and the 
sensitivity and uncertainty analysis that have a 
significant effect on the results of the performance 
assessment. Most of these insights at this stage of 
the IPA process deal with site aspects, repository 
design, and repository processes.  

As noted in Chapter 4, two features of the site 
that appear to strongly influence the results of the 
performance assessment are: (1) the rock media 
are unsaturated and therefore have the potential 
for advective transport of gas upward to the at
mosphere; and (2) the rock media are fractured 
and have the potential for fast liquid pathways for 
radionuclide transport to the water table and 
beyond. The quantitative effects of both these 
features have been relatively difficult to model in 
a consistent manner. For example, permeability 
and porosity for flow through fractures in the dual 
porosity model for the repository cross-section 
stratigraphy were estimated from fracture aper
ture widths and the number of fractures per unit 
area, where as permeability and porosity for the 
matrix were based on core analysis. Both of these 
data types are based on local (small-scale) obser
vations and need to be supplemented by data 
collected at a larger scale.  

From the regression analyses for the base case 
scenario and other scenario classes not involving 
pluvial climate, infiltration rate was found to be 
the most important sampled parameter. There is 
strong correlation at low to moderate infiltration 
rates (base case) and weaker correlation at the 
high infiltration rates (pluvial case). In the former 
case, there was both matrix flow and fracture 
flow, but in the latter case, the flow was predomi
nately in fractures. Under conditions of significant 
fracture flow, radionuclide travel times tended to 
be low, with relatively little decay. The accom
panying figure (Figure 10-1) shows a significant

decrease of liquid radionuclide releases for the 
base case CCDF when vectors with infiltration 
rates greater than I or 2 millimeters/year were 
eliminated from the CCDF 

Although the flux of liquid water through the 
repository depends on the parameters infiltration, 
hydraulic conductivity, and porosity, performance 
correlates most strongly to infiltration. The satur
ated hydraulic conductivity and porosity vary 
from layer to layer for each vector, and are as
sumed to be uncorrelated. There is only one value 
of infiltration per vector for all layers, however.  
Since, in the 1-D representation of unsaturated 
flow, infiltrating water must pass through all 
layers, the sensitivity to the value of hydraulic 
conductivity or porosity of any single layer is 
reduced.  

A number of model simplifications (e.g., 1-D flow 
paths, permeability ranges, and seven sub-areas 
for the total repository area) were used to abstract 
the 3-D problem and allow analysis of the uncer
tainties with reasonable computer execution times 
for the Phase 2 analysis. However, the proposed 
repository is a transient, 3-D, partially saturated 
system with significant air and water vapor move
ment in a fractured, porous medium, complicated 
by potentially significant heat transfer and the 
associated flows of gas and liquid. How these 
phenomena can be approximated by simplifying 
assumptions and still provide an adequate repre
sentation for the calculation of system perform
ance is poorly understood at this time and needs 
further investigation.  

The Phase 2 analysis conservatively assumed that 
there was no retardation in the fractures and did 
not consider the process of matrix diffusion in the 
modeling. Future iterations need to evaluate the 
nature and magnitude of the conservatism of 
these assumptions and the relationship of fracture 
coatings to geochemical processes.  

The design of the waste package container and its 
emplacement configuration is expected to have a 
strong influence on repository performance. As 
discussed in Section 10.2.2, the design of the waste 
package will greatly affect waste package failure 
times and release mechanisms. IPA Phase 2 analy 
ses had varying degrees of ability to treat design 
details; e.g., SOTEC was based on vertically
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emplaced waste packages, with no option for hori
zontal emplacement. DRILLO had the option for 
horizontal emplacement, but it was not used. Vari
ous options for treating the configuration of the 
waste package will probably need to be incorpor
ated in some of the modules of the system code.  

The corrosion-related parameters that showed 
strong correlation with performance were the 
(electrochemical) potentials for pitting and crevice 
corrosion, and the active corrosion rate. Corro
sion affects the time of waste package failure 
under static and seismic conditions. Dissolution
related parameters include the fuel alteration rate 
and solubilities of radionuclides. Other factors 
found to be important control the interaction of 
water with the waste package and influence 
whether and how water contacts the waste.  

Failure of the waste packages by corrosion and 
transport of dissolved radionuclides from the 
waste package are expected to depend on contact 
with liquid water. In IPA Phase 2, waste packages 
were assumed to remain dry until their surface 
temperature dropped below the boiling point, and 
came into contact with liquid water from dripping 
fractures and wet rock. Future models need the 
ability to consider plausible rewetting mechanisms 
for dry rock, the possible influx of liquid water 
such as dripping fractures, condensation of water 
vapor on waste package surfaces because of cap
illary and solution effects, rise in the water table, 
and water reflux driven by repository or geo
thermal heat.  

Repository heat load is a design parameter that 
has the potential to significantly affect perform
ance. The present analysis is based on the 
assumption of a hot repository with a design 
power loading of 57 kilowatts/acre. This loading 
results in a strong thermally induced gas flow 
when typical hydrologic properties are assumed 
for the rock strata, as shown in Section 4.3. This 
loading is assumed to cause a period of dryness 
for the waste packages; that is, there is a period 
for which the temperature of the rock surrounding 
any particular waste package will be above the 
boiling point of water, assumed to protect it from 
corrosion. Temperature also affects corrosion 
rates and the rate of oxidation of spent nuclear 
fuel. Hence, the overall sensitivity of the total
system performance assessment to any particular 
loading is not clear at this point, because only one

loading was assumed for all simulations. A 
parametric study of repository thermal loading 
may provide additional insights in future phases.  

Gas transport parameters were also identified to 
be important. Parameters identified are the gas 
permeability and retardation coefficient for Y4 C in 
the Topopah Spring Unit. The gas transport of 
14C will be complicated by variations in moisture 
in the transport medium and gas flow, because of 
the heat of the decaying nuclear waste as well as 
chemical processes leading to retardation of car
bon. Geochemical modeling of 14C transport 
demonstrated a retardation factor of approxi
mately 30 to 40, primarily because of the transfer 
of carbon between the CO 2 in the gas phase and 
dissolved carbonate and bicarbonate in the liquid 
phase. Some 14C might be trapped temporarily in 
precipitating calcite during the period when temp
eratures are rising, and released from the calcite 
as it redissolves as temperatures fall. Although 
not modeled in IPA Phase 2, percolation of moist
ure and its effect on the upward movement of 
vapor may tend to reduce 14 C releases during 
pluvial periods, possibly reducing the sensitivity 
total normalized release to percolation rate.  

Seismicity and volcanism caused large releases 
compared with the undisturbed (base) case, but 
did not appear to have a significant effect on the 
total CCDE However, more realistic modeling of 
infiltration, corrosion, seismicity and magmatism 
could significantly change the importance of dis
ruptive effects relative to one another, as well as 
their influence on the total CCDE For example, a 
more detailed study of magmatism may include 
changing groundwater chemistry and accelerating 
the corrosion of nearby waste packages.  

Several potentially volatile compounds of 99Tc, 
79Se, and 1291 will be present in spent nuclear fuel.  
Conservative estimates of gaseous releases of 
these radionuclides during volcanism and normal 
operations demonstrated relatively insignificant 
impacts, so this potential phenomenon was given 
a low priority for the IPA Phase 2 study.  

10.3.2 Insights and Conclusions Regarding 
System and Subsystem Performance 

This section presents some insights and conclu
sions regarding system and subsystem perform
ance in terms of factors related to the behavior of 
the engineered and natural barriers. As noted
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earlier, the factors that were investigated in IPA 
Phase 2 were the integrity of the waste package 
canisters, the rate of release of radionuclides from 
engineered barriers, and the travel time of water 
through the geosphere. The regulatory require
ments in 10 CFR 60.113 address "three subsystem 
performance objectives," namely substantially 
complete containment (SCC) of waste in the waste 
packages (10 CFR 60.113(a)(1)(ii)(A)), controlled 
fractional release rate from the engineered barrier 
system (EBS) (10 CFR 60.113(a)(1)(ii)(13)), and 
pre-waste-emplacement ground-water travel time 
(GWTT) (10 CFR 60.113(a)(2)). The conclusions 
are not for the purpose of directly drawing a 
comparison between overall system performance 
in terms of release or dose and the subsystem 
performance measures. There are primarily two 
reasons for this distinction: (1) the subsystem 
performance measures are supposed to be inde
pendent requirements ensuring a minimal per
formance of each of the multiple barriers in a 
geologic repository, unrelated to the total system 
performance; and (2) the characterizations of 
SCC, EBS release rate, and GWTT used in IPA 
Phase 2 are crude and incomplete, and do not 
exactly conform to the definitions of those quan
tities in 10 CFR Part 60. For example, travel time 
as used here does not include the concept of the 
disturbed zone and is for post-emplacement 
rather than pre-emplacement conditions. Further
more, travel time calculated in FLOWMOD is an 
abstraction based on the fastest combination of 
possible fracture and matrix pathways, and does 
not correspond to a realistic flow path. Neverthe
less, the following comparisons shed light on the 
importance of the engineered and natural barriers 
to the total system performance.  

CCDFs have been drawn by "screening out" vec
tors that did not meet a given criterion. The 
screened CCDFs used with the barriers' perform
ance showed waste package lifetime to have a 
significant effect on the normalized release for 
liquid and gaseous source term components in the 
300-year to 1000-year range. Early waste package 
failures were generally found to result in large 14c 

releases to the accessible environment, primarily 
because of enhanced transport from large thermal 
gradients, and increased rates of 14CO2 genera
tion at higher temperatures. The relationship 
between "liquid" travel time and the U.S.  
Environmental Protection Agency (EPA) release

criterion' was strong, for flux weighted "liquid" 
travel time. However, travel times calculated as a 
result of averaging or flux weighting sub-area 
travel times were generally in excess of 10,000 
years. The relationship between "fastest" travel 
times from among the seven repository sub-areas 
and the Normalized Release was most significant 
when used as a factor to determine the presence 
or absence of fracture controlled flow.  

Release of 14C through the gaseous pathway con
tributed significantly to the Normalized Release 
while not affecting significantly the Effective Dose 
Equivalent estimate. This is probably because the 
normalized release limit for 14C is related to the 
world-wide circulation of 14C and the resulting 
dose, whereas the dose calculation in this study is 
limited to the assumed population in a circular 
area of 50-kilometer radius.  

The 10,000-year median collective dose for the 
fully disturbed case was approximately an order 
of magnitude greater than the corresponding dose 
for the base case scenario. For the Normalized 
Release, the median (i.e., 50 percent probability) 
of the fully disturbed case was about 5 times the 
median of the base case. For both dose and 
Normalized Release at the median probability, the 
most important disturbing event is pluvial climate 
and the resulting increase in percolation rate. The 
contributions by the ingestion pathway dominated 
the collective doses from both scenarios. The 
average annual dose to an individual in the region 
from inhalation was negligible compared with that 
from ingestion of contaminated drinking water 
and locally-grown contaminated food. In scenario 
classes involving magmatism, order of magnitude 
increases over the base case dose resulted from 
direct releases to the surface during an extrusive 
magmatic event. The same type of event increased 
the Normalized Release by about a factor of 4. The 
radionuclides that made the largest contributions 

lCurrently, a revised set of standards specific to the Yucca Mountain 
site is being developed in accordance with the provisions of the 
Energy Policy Act of 1992. The Energy Policy Act of 1992 (Public 
Law 102-486), approved October 24, 1992, directs NRC to pro
mulgate a rule, modifying 10 CFR Part 60 of its regulations, so 
that these regulations are consistent with EPA's public health and 
safety standards for protection of the public from releases to the 
accessible environment from radioactive materials stored or dis
posed of at Yucca Mountain, Nevada, consistent with the findings 
and recommendations made by the National Academy of Sciences, 
to EPA, on issues relating to the environmental standards govern
ing the Yucca Mounaain repository. It is assumed that the revised 
EPA standards for the Yucca Mountain site will not be substantially 
different from those currently contained in 40 CFR Part 191, 
particularly as they pertain to the need to conduct a quantitative 
performance assessment as the means to estimate postclosure 
performance of the repository system.
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to population dose (cumulated over 10,000 years) 
were 94Nb, 21°Pb, 243Am, and 237Np.  

10.4 Recommendations 

10.4.1 Recommendations for Additional 
Scientific Input 

Based on the insights and conclusions described 
above as well as recommendations identified in 
the Phase 1 report, there is a need for continuing 
research by both NRC and DOE in the general 
areas of hydrology and geochemistry, waste form 
and waste package container materials, repository 
hydrothermal effects, and probabilities and effects 
of disruptive events. The ability to identify re
search needs from the work performed in IPA 
Phase 2 is limited by the lack of sophistication of 
the models and paucity of data. When site charac
terization results are adequate to allow detailed 
modeling of hydrologic characteristics for differ
ent scales, ongoing research in scale effects will 
prove useful. The same is expected to be true of 
advanced corrosion and waste dissolution topics, 
shaft and borehole sealing, natural analogs, and 
seismic research. Hence, there is a significant 
amount of research being pursued that will even
tually support performance assessment, but can
not be directly justified by insights and conclu
sions from the present analysis.  

Fracture-Matrix Interactions. Considerable re
search in hydrology will need to be directed at 
achieving a better understanding of fracture
matrix interactions. Flow in fractured or 
fractured-porous media can be represented in sev
eral ways: (1) discrete fracture models that sent 
flow explicitly in discrete channels and in the 
porous matrix; (2) equivalent continuum models 
that represent the averaging of the matrix and 
fracture system into an equivalent porous medi
um; and (3) dual-continuum models that treat the 
matrix and fracture as separate but interacting 
continua. Experimental information for fracture
matrix interactions is scarce and is needed to 
provide insights on the applicability of these 
approaches. DOE will need to provide detailed 
characterization of the fracture properties in the 
repository horizon as a minimum, for examination 
of near-field hydrothermal effects; and to a de
gree sufficient to determine percolation, liquid 
transport, and/or vapor transport properties 
through the rest of the Yucca Mountain area.

Field measurement of gas flow rates and determi
nation of Yucca Mountain pneumatic properties 
by DOE will need to be continued for adequate 
modeling of gas transport.  

Regional Hydrology. Further research will also be 
required in the area of regional hydrology to 
determine maximum water levels and boundary 
conditions for site hydrologic modeling especially 
for disruptive consequences. DOE should con
sider investigating the steep gradient near the site 
because of the possible influence on future site 
groundwater elevations.  

Percolation. DOE will need to continue the field 
measurement of deep percolation and its corre
lation with precipitation. NRC should explore the 
possible use of such correlations with expert 
elicitation information in climatology to determine 
ranges of percolation rates as a function of 
climatological assumptions. The development of a 
more sophisticated climate model should also be 
pursued.  

Geochemical Models. NRC and DOE research in 
geochemistry, including laboratory studies, field 
studies, and natural analogs must continue to 
provide adequate verification of present geo
chemical models or, if required, the bases for 
alternative models. Research in this area should 
emphasize flow through fractures because of the 
importance demonstrated for fracture flow. Fur
ther research in gas transport geochemistry 
should also be undertaken to determine if there 
are significant barriers to 14C0 2 release in the 
geosphere.  

Corrosion Models. DOE should continue to collect 
data on the corrosion of waste container mate
rials. Both NRC and DOE research in corrosion 
should be directed at obtaining a better under
standing of the corrosion mechanism and how 
corrosion is likely to progress under conditions of 
high humidity or in contact with water of high 
ionic strength. In addition, models to determine 
accurately the contact of the waste form with liq
uid water will be highly design-specific to the 
repository concept finally adopted. Much of this 
work is expected to stem from confirmatory 
laboratory-scale and field heater tests used to 
validate mathematical models of two-phase heat 
and mass transfer. Since the experimental data 
must be necessarily of short duration and small
scale relative to those of the repository, reliable
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mathematical models may be the only way to ex
trapolate results to greater times and distances. In 
this regard, the basis for the development of these 
models will rely on a mechanistic understanding 
of the processes and events related to the waste 
package's interaction with its environment. NRC 
needs to pursue an independent understanding of 
these processes to evaluate DOE's assumptions.  
DOE will need to continue characterization of the 
spent fuel waste form (inventories and dissolution 
rates) as these control the source term.  

Magmatism. Additional geologic information is 
needed regarding volcanic processes to improve 
the probability estimates of the magmatic sce
nario. This information includes determining the 
role of volatiles in driving magma ascent, the 
importance of multiple dike intrusions, and the 
role of pre-existing geologic structure. The effects 
of uncertainty in geochronological data should 
also be evaluated. Additional improvements may 
also have to be made regarding magma interac
tion with water. NRC should develop an inde
pendent understanding in this area.  

10.4.2 Recommendations Regarding Modeling 
Improvements and Supporting 
Analyses in NRC's IPA Activities 

The following recommendations are listed by 
chapter and include recommendations for model
ing improvements and additional analyses based 
on conclusions in the chapters and include recom
mendations from the IPA Phase 1 Report (see 
Chapter 10, "Preliminary Suggestions for Future 
Work," in Codell et al., 1.992) that have not yet 
been implemented (see Section 1.2.5 of this 
report). Some of these recommendations parallel 
those of Section 10.4.1, but emphasize analysis 
rather than research.  

10.4.2.1 TPA Computer Code 

1. Software Quality Assurance requirements need 
more prominence in module development. There 
were a number of difficulties encountered 
during the development of the Phase 2 mod
ules and their integration into the TPA sys
tem code. Many of the problems could prob
ably be traced to a lack of documented 
module designs, lack of module integration 
designs, and lack of documented module 
testing. The TPA computer code and its 
modules need to be developed under a more

consistent environment, incorporating aspects 
of modern code development such as object
oriented design and principles of software 
quality assurance. The computational plat
form should be standardized to employ 
UNIX tools for software development and 
debugging. Requirements for individual code 
modules should be specified in advance of 
integrating them into the system code. There 
should be careful attention to interfaces 
among the TPA computer code and its 
modules.  

2. Future IPA developments will require more 
model abstraction and efficient computing tech
niques. The computational requirements of 
the TPA computational modules can be pro
hibitive, and significant simplifications were 
required in order to achieve acceptably low 
execution costs. It is recommended that more 
attention be given to abstracting the compli
cated phenomena to achieve efficient compu
tational modules, and examination of the 
feasibility of applying high-performance coin
puting procedures including massive parallel 
computers and advanced computational 
methods (e.g., adaptive grids, domain 
decomposition, and efficient matrix solvers).  

3. The TPA computer code must be easily un
graded. It is recommended that the TPA sys
tem code be considered a dynamic entity, to 
be upgraded in future IPA iterations. Possible 
upgrades include: addition of new modules, 
changed scope of current modules, central
ized use of databases, uniform interfaces 
between modules, and uniform coding prac
tices among modules.  

10.4.2.2 Scenario Analysis Module 

1. Staff judgments in screening the initial set of 
events and processes (EPs) should be reassessed 
using appropriate mathematical models and 
numerical codes, as recommended by Cranwell 
et al. (1990). This could lead to the assign
ment of different probabilities to the EPs and 
result in a different outcome to the screening.  

2. Future work should investigate methods for 
generating individual scenarios "representative" 
of the scenario classes to which they belong. The 
approach taken in the IPA Phase 2 scenario 
analysis generated scenario classes (i.e.,
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unique combinations of events or processes 
without regard to the order in which they 
occur). Generating representative events 
would likely involve the need to "partition" 
the individual scenario classes into appro
priate subevents or subprocesses and then 
examining various combinations.  

3. Obtain geoscience input for modeling fault
ing, uplift, and subsidence at Yucca Mountain.  
In the IPA Phase 2 scenario analysis, the 
vibratory ground motion from local faulting 
was combined with regional seismicity. Re
gional uplift and subsidence were considered 
to have negligible consequences in the screen
ing analysis, and no attempt was made to 
model these events. In future IPA iterations, 
all of these events will be modeled, probably 
in auxiliary analyses, to make a determination 
about whether they should be included.  

10.4.2.3 Flow and Transport Module 

1. Examine modeling issues affecting percolation.  
Conceptual model assumptions with respect 
to percolation should have a major effect on 
water flux through a repository located in the 
unsaturated zone. Issues that can be investi
gated with auxiliary analyses include the re
lationship between highly transient rainfall 
and percolation estimates, the effect of top
ographic lows and fault zones as sources of 
increased recharge, how spatial variability in 
hydrologic parameters affect percolation, and 
the effect of fracture imbibition on 
percolation.  

2. Examine modeling assumptions affecting 
fracture-matrix interaction. Modeling assump
tions regarding the interaction between ma
trix and fractures are very important due to 
differences in fluid velocities and retardation 
of the two flow systems. Auxiliary analyses 
could improve the understanding of concept
ual modeling assumptions regarding small
scale interactions at the fracture-matrix inter
face (e.g., detailed simulations to examine the 
equilibration of pressure between the fracture 
and matrix considering transient conditions 
and the effects of mineral coatings on frac
ture surfaces) and large-scale effects concern
ing the flow field within a hydrogeologic unit 
(e.g., examine how the small-scale effects

propagate through a geologic unit). Thesti 
further analyses can be used to modify cur
rent IPA models and revise parametric 
ranges.  

3. Examine hydrogeologic features and heterogen
eity that could allow a "short circuit" through 
the unsaturated zone. The IPA Phase 2 flow 
and transport analyses assumed that fluid 
flow and radionuclide transport could be 
represented as 1-D stream tubes for each of 
the hydrogeologic units. Two- and 3-D 
analyses could investigate the impact of fault 
zones and perched water on pathways 
through the unsaturated zone. If the impact is 
of sufficient magnitude, then additional 
pathways could be added to the flow and 
transport analysis in future iterations.  

4. Examine the coupling of water in the gaseous 
and liquid phases. The model of the repository 
is highly idealized. The prototype is transient, 
3-D, partially saturated flow with significant 
air and water vapor movement in a fractured, 
porous medium complicated by potentially 
significant heat transfer and the associat 
flows of gas and liquid affecting the redis 
bution of moisture. Abstracted models need 
to be tested through simulation, comparing 
the results with those of the more complete 
model developed in the auxiliary analyses, 
which includes the coupling of water move
ment in the liquid and gaseous phases under 
non-isothermal conditions. Simulation efforts 
could examine the variation in moisture con
tents and fluid flux through the repository 
caused by vapor movement and condensation 
(this effect would be especially pronounced 
during the thermal phase of the repository).  

5. Examine refinements in the saturated zone 
modeling to improve concentration estimates for 
dose calculations. The calculation of dose 
requires a determination of the radionuclide 
concentration. The concentration determina
tion requires consideration of flow and dis
persion, in the saturated zone, that is not 
normally required for the calculation of time
integrated discharge (Normalized Release) for 
comparison with the EPA standard.  

6. Assess the usefulness of additional interme( 
calculations for understanding the flow ana 
transport results. The IPA Phase 2 analyses
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performance measures were integrated dis
charge and radionuclide dose. These results 
are often difficult to explain in the absence of 
other information on modeling results for 
individual modules (e.g., fluid flux or water 
velocity for the groundwater pathway, and 
release rates for the source term module). It 
would be beneficial to further examine the 
modeling approaches and identify interme
diate calculations that could be performed to 
provide further insights on model and system 
performance.  

7. Evaluate the importance of thermally- and 
barometrically-driven airflow on performance.  
In IPA Phase 2, thermal gradient-driven gas 
transport was incorporated in the calculation 
of the CCDE Other pneumatic effects such 
as barometric pumping should be considered 
in future iterations of IPA.  

10.4.2.4 Source Term Module 

1. The models in SOTEC will have to be modified 
in response to the current waste disposal con
cepts that differ from the SCP design assumed 
for the IPA Phase 2. IPA Phase 2 was based 
on the waste package concept described in 
DOE's 1988 SCP of single-walled packages 
placed vertically in boreholes, with an air gap 
between the container and the surrounding 
rock. The current models will have to be 
modified as DOE progresses in site charac
terization and makes decisions about its 
thermal loading strategy, waste package de
sign, waste package materials, and additional 
engineered barriers.  

2. Develop more mechanistic models for waste 
package corrosion. The present version of 
SOTEC used in IPA Phase 2 considered 
simplified models for corrosion. Needed 
improvements to SOTEC include codes 
abstracted from complex physics-based 
models, including a mechanistic model for 
initiation and propagation of localized corro
sion, taking into account the geochemical 
environment and mechanical stresses.  

3. Improve models for the effects of heat. The pres
ent temperature model uses a semi-analytical 
approach for conduction-only. More realistic 
models could take heat and mass transfer in

two-phase flow into account to better esti
mate the temperature in the near field and 
the transfer of liquid water and water vapor 
inputs needed to predict the onset of corro
sion and the interaction of liquid water with 
the waste.  

4. Take spatial and temporal variability into 
account in source term models. IPA Phase 2 
began to explore ensemble averages of the 
temporally and spatially varying environ
mental parameters that should be used to 
represent a large number of waste packages 
with relatively few calculations. Improved 
source term models should also take the 
variability of the properties of the fuel into 
account either explicitly or by defining effec
tive input parameters that capture the varia
bility without making the models too complex 
for total-system performance assessments.  

5. Improve models for the release of gaseous 14C.  
The IPA Phase 2 model considers the release 
of gaseous 14CO 2 emanating from the waste, 
based on steady-state diffusion of oxygen and 
14CO 2. Failure to include the transient diffu
sion of oxygen evident from the data could 
lead to inaccurate predictions of conversion 
rates at low temperatures. The model could 
be improved by considering transient diffu
sion. Also, the present implementation of the 
model for the release of gaseous 14C mixes 
the contribution from the seven repository 
sub-areas for use in the 2-D gas flow model.  
The model should be revised to take into 
account variations in release rate for each 
sub-area.  

6. Consider modes of waste package failure other 
than corrosion. Waste packages might also fail 
from mechanisms other than corrosion, such 
as seismic shaking, volcanism, and inadvert
ent human intrusion. Although IPA Phase 2 
considered failure by drilling, volcanism and 
seismicity, the models were highly simplified.  
Models for failure by volcanism might take 
into account mechanisms of interaction be
tween magma and the waste packages (e.g., 
corrosive gases and viscous forces). Improved 
models for human intrusion might consider 
the site-specific likelihood for drilling, shear 
forces from drilling fluids, or other mecha
nisms that could bring radioactive material to 
the surface. These disruptive events could
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also have a significant effect on the other 
aspects of the repository performance.  
Analytical expressions for buckling are only 
available for simplified geometries and load
ing conditions with static loads. A buckling 
model for a complex geometry and multiple 
and transient loads would require a 
complicated and computationally intensive 
simulation unsuited for IPA. Once the engi
neering design has been finalized, the struc
tural failure of the waste packages from 
dynamic and other forces could be analyzed 
deterministically by numerical and experi
mental techniques and abstracted for IPA.  
These analyses would include the possible 
impact of mechanical fatigue of the waste 
packages from recurrent, low-intensity 
seismic activity. Improved models of seismic 
failure might take into account the range of 
frequencies of earth motion, and realistic 
dynamic modes of the waste packages.  

7. Improve model fr the dissolution of radionu
clides from the waste form. The chemistry 
within the waste package was treated in a 
highly simplified manner in IPA Phase 2. The 
model could be improved by taking into ac
count the formation and subsequent trans
port of colloids, speciation of the elements 
released to the water, the contribution of 
minerals from the ground water and struc
tural materials in the waste package, the 
changing temperature, and other factors such 
as ionizing radiation.  

8. Improve model for transpori of radionuclides 
from the waste package. Mass transfer out of 
the waste package by flowing water and diffu
sion was included in IPA Phase 2, based on 
DOE's 1988 SCP conceptual waste package 
design. The transport model, in conjunction 
with the waste form dissolution model, 
should consider the rates that water contacts 
and enters the waste package canister, inter
acts with the waste form, and transports 
radionuclides from the waste package by 
both advection and diffusion. The model 
should recognize that the suite of waste pack
ages will represent a broad range of varying 
stages of degradation, with some completely 
intact and others significantly degraded from 
both anticipated and unanticipated processes 
and events. These conditions are progressive

over the 10,000-year period of regulatory 
interest. Although conservatively neglected in 
SOTEC, the model could include recognition 
that degraded waste packages, including 
failed fuel (e.g., defective cladding), can still 
contribute to the isolation or controlled 
release of radionuclides.  

9. Include models for other waste forms. The 
staff's first two IPAs focused on evaluating 
the performance of waste packages for spent 
nuclear fuel. In future IPAs, the staff should 
develop a source term model for the expected 
inventory of glass waste packages with special 
consideration to the kinetics of glass dissolu
tion, formation of secondary silicate mineral, 
colloid formation, and mass transport of ra
dionuclides. Further, waste forms other than 
light-water reactor spent nuclear fuel and 
defense-related vitrified wastes (glass) may 
ultimately need to be considered if they are 
determined to be potentially significant 
sources. These may include any transuranic 
or greater-than-Class-C wastes.  

10.4.2.5 Disruptive Consequence Analysis 

1. Consolidate calculations of radionuclide inven
tory in the drilling model. The drilling code 
calculates inventory using the Bateman equa
tions and determines the inventory from the 
time of the earliest drilling event. Greater 
efficiency may have been attainable by cal
culating the evolution of the inventory one 
time only. The inventory could then be moved 
from one bin to another as needed, rather 
than having this calculation repeated in sev
eral different modules. Having a unified list 
of inventories would provide more informa
tion on the migration of the nuclides through 
the geosphere and make accounting simpler 
for radionuclides that migrate through both 
liquid and gaseous pathways.  

2. Allow multiple waste package failure times in 
the drilling model. The effects of the number 
of drilling events are predicted to be small 
relative to the other releases calculated in 
Phase 2, in part because drilling affects only 
a small number of waste packages. However, 
for cases where there is both drilling com
bined with volcanism or seismicity, the sou 
term model predicts all failures occur at th...  
earliest time for any event. This simplifying
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modeling assumption could lead incorrectly 
to predictions of large total releases, when a 
later disruption (volcanic or seismic event) 
causes widespread failure of waste packages.  
The drilling code (DRILLO -described in 
Section 6.3) and the source term code 
(SOTEC--described in Chapter 5) should be 
modified to allow multiple waste package at 
different times within the same run.  

3. Reduce the number of variables and tie the 
sampled parameters to the extent of drilling 
activity in the drilling model. The drilling mod
el required 92 sampled parameters to deter
mine whether, where, and when there was a 
strike on a waste package. The model should 
be simplified to require fewer sampled 
parameters that would be more meaningful in 
the sensitivity and uncertainty analysis.  

4. Surface releases should be based on site-specific 
mechanisms. Although IPA Phase 2 consid
ered failure by drilling, volcanism, and seis
micity, the models were highly simplified.  
Future models might consider the site
specific likelihood for drilling, shear forces 
from drilling fluids, and mechanisms that 
could bring radioactive material to the 
surface.  

10.4.2.6 Dose Assessment Module 

1. Improve the DITTY dose assessment model. The 
results of dose assessments should be evalu
ated as functions of radionuclide type and 
exposure pathway. In addition, the dose con
version factors used in IPA Phase 2 should be 
re-calculated to obtain a more accurate esti
mate of population doses for long-lived radio
nuclides (as discussed in Section 7.6). Also, 
the model parameters currently used in 
DITTY must be verified as being applicable 
to the Yucca Mountain site.  

2. Evaluate other dose assessment computer codes.  
Codes that should be evaluated include codes 
for estimating long-term individual and col
lective exposures, atmospheric dispersion 
models, and demographic models. Methods 
employed by international organizations (e.g., 
the Biospheric Model Validation Study and 
the Nuclear Energy Agency) for calculation of 
doses into the far future should be evaluated.  
The recommendations of the International

Commission on Radiological Protection 
(ICRP, 1990) should be incorporated into the 
codes, if adopted by NRC.  

3. Apply the statistical sensitivity and uncertainty 
methodology developed in IPA Phase 2 .or the 
geosphere models to the dose assessment models.  
Sensitivity and uncertainty analyses can be 
used to identify the most important dose 
assessment parameters and the sensitivity of 
the dose estimate to these parameters.  

10.4.2.7 Sensitivity and Uncertainty Analysis 

1. Sensitivity and uncertainty analysis should ex
plore the use of dimensional analysis to form 
fiactors based on combinations of other pa
rameters. Dimensional analysis is a useful 
technique for determining the functional 
relationships among variables. Principles of 
dimensional analysis might be applied for the 
purpose of simplifying the repository system, 
with its hundreds of independent parameters, 
into an equivalent system with fewer param
eters. These dimensionless factors would 
make the task of analyzing the system and 
determining important parameters simpler.  

2. Importance sampling techniques such as the 
Limit-State Approach should be evaluated. The 
Limit-State Approach (Wu et al., 1992), dis
cussed in Section 8.4, has the potential for 
easing the computational burden experienced 
in the IPA Phase 2 study by reducing the 
number of vectors needed to construct the 
CCDFs and perform the sensitivity analyses.  
This approach should be evaluated further on 
the full repository system model. However, as 
presently implemented, the Limit-State 
Approach cannot deal with hundreds of 
independent parameters. The number of 
independent variables analyzed by the Limit
State Approach must be reduced, either by 
selecting the most important parameters by 
stepwise regression analysis, or combining 
parameters into groups.  

3. A method of directly obtaining CCDF sensitivity 
to individual parameters should be developed.  
Sensitivity analyses have been developed to 
determine the effect of changes in the input 
parameters of the models on scaler measures 
of repository performance such as cumulative 
release and effective dose equivalents. Some
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effort should be directed at developing a 
robust method for evaluating system sensi-

tivity for a probabilistic performance mea,_.  
ure (e.g., the CCDF).
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APPENDIX A 
LHS-SAMPLED INPUT PARAMETERS 

The following is a list of parameters used by the total-system performance assessment computer code (including its modules) in the Iterative 

Performance Assessment Phase 2 demonstration. It includes constants that were considered as "global parameters" (see Section 2.1.5). The list 

does not include parameters or constants internal to a particular computational module. All dimensions are in meters-kilogram-years; open 

brackets ( [ ] ) are dimensionless parameters.  

The parameters sampled for the base case include those parameters listed for the C14, SOTEC, and FLOWMOD modules (described in 

Section 2.1.3). The parameters sampled for the fully disturbed case are those parameters listed for the C14, FLOWMOD, SOTEC, VOLCANO, 

and DRILLO modules. The infiltration rate used for the fully disturbed case was the disturbed infiltration.  

Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment 

CONSTANT alpha C14 gas dispersivity [m2/yr] Assumed 
0.0

LOGNORMAL 
6.5E-17 

LOGNORMAL 
1.6E-16 

LOGNORMAL 
3.24E-17 

LOGNORMAL 
9.7E-17 

LOGNORMAL 
9.7E-17 

CONSTANT 
0.00014 

CONSTANT 
0.000027

5.5E-15 

1.6E-14 

3.24E-15 

9.7E-15 

9.7E-15

AKR(1) 

AKR(2) 

AKR(3) 

AKR(4) 

AKR(5) 

pork(l) 

pork(2)

C14 

C14 

C14 

C14 

C14 

C14 

C14

fracture permeability of layer [m2] 
(Tiva Canyon) 

fracture permeability of layer [m21 
(Paintbrush) 

fracture permeability of layer [m2] 
(Topopah Spring) 

fracture permeability of layer [m2] 
(Calico Hills, vitric) 

fracture permeability of layer [m2] 
(Calico Hills, zeolitic) 

fracture porosity of layer [ ] 
(Tiva Canyon) 

fracture porosity of layer [ 
(Paintbush)

Klavetter and Peters (1986) (+ /- one order of 
magnitude of the reported value) 

Klavetter and Peters (1986) (+ /- one order of 
magnitude of the reported value) 

Klavetter and Peters (1986) (+ /- one order of 
magnitude of the highest reported value) 

Klavetter and Peters (1986) (+ /- one order of 
magnitude of the reported value) 

Klavetter and Peters (1986) (+ /- one order of 
magnitude of the reported value) 

Klavetter and Peters (1986) (reported value) 

Klavetter and Peters (1986) (reported value)
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Appendix A

7Tpe of Distibution Value 
(or Range in Value) 

CONSTANT 
0.000041 

CONSTANT 
0.000046 

CONSTANT 
0.000046 

UNIFORM 
10.0 100.  

UNIFORM 
10.0 100.  

UNIFORM 
10.0 100.  

UNIFORM 
10.0 100.  

UNIFORM 
10.0 100.  

LOGNORMAL 
3.6E-19 1.2E.  

LOGNORMAL 
3.9E-15 2.OE.  

LOGNORMAL 
1.3E-20 6.7E

LOGNORMAL 
1.9E-16 9.6E

LOGNORMAL 
5.1E-• 0  1.5E

NITD1) -C1AA

-18 

-14 

-19 

-16 

-17

II I

I 

I

Parameter Name 

pork(3) 

pork(4) 

pork(5) 

retardk(1) 

retardk(2) 

retardk(3) 

retardk(4) 

retardk(5) 

permm (1) 

permin (2) 

pertini (3) 

permin (4) 

permm (5)

Module 

C14 

C14 

C14 

C14 

C14 

C14 

C14 

C14 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Parameter Desciption 

fracture porosity of layer 
(Topopah Spring) 

fracture porosity of layer 
(Calico Hills, vitric) 

fracture porosity of layer 
(Calico Hills, zeolitic) 

retardation factor [ 
(Tiva Canyon) 

retardation factor [ 
(Paintbrush) 

retardation factor [ ] 
(Topopah Spring) 

retardation factor 
(Calico Hills, vitric) 

retardation factor [ I 
(Calico Hills, zeolitic) 

matrix permeability [m2] 
(Topopah Spring) 

matrix permeability [m2] 
(Calico Hills, vitric) 

matrix permeability [m2] 
(Calico Hills, zeolitic) 

matrix permeability [m2] 
(Prow Pass) 

matrix permeability [m2] 

(Up-",' Crater Flat) (

Basis for Parameter Assignment 

Klavetter and Peters (1986) (reported value) 

Kiavetter and Peters (1986) (reported value) 

Klavetter and Peters (1986) (reported value) 

Based on geochemical model presented in 
Appendix K 

Based on geochemical model presented in 
Appendix K 

Based on geochemical model presented in 
Appendix K 

Based on geochemical model presented in 
Appendix K 

Based on geochemical model presented in 
Appendix K 

Peters et al. (1984) (reported range and 
correlation length considerations) 

Peters et al. (1984) (reported range and 
correlation length considerations) 

Peters et al. (1984) (reported range and 
correlation length considerations) 

Peters et al. (1984) (reported range and 
correlation length considerations) 

Peters et al. (1984) (reported range and 
correlation length considerations),



Appeidix A

7vpe of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGNORMAL 
3.5E-16 

LOGNORMAL 
4.1E-18 

LOGNORMAL 
1.1E-16 

LOGNORMAL 
5.6E-16 

LOGNORMAL 
6.2E-16 

LOGNORMAL 
3.9E-17 

LOGNORMAL 
6.7E-16 

LOGNORMAL 
4.9E-17 

LOGNORMAL 
6.2E-16 

UNIFORM 
0.06 

UNIFORM 
0.33 

UNIFORM 
0.20

4.4E-16 

1.6E-17 

1.9E-16 

1.2E-15 

9.9E-16 

8.11E-17 

9.8E-16 

6.4E-17 

9.9E-16 

0.16 

0.56 

0.33

permm (6) 

permm (7) 

permf (1) 

permf (2) 

permf (3) 

permf (4) 

permf (5) 

permf (6) 

permf (7) 

porm (1) 

port (2) 

port (3)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

matrix permeability [m2] 
(Bullfrog) 

matrix permeability [m 2] 
(Middle Crater Flat) 

fracture permeability [m 2] 
(Topopah Spring) 

fracture permeability [m2] 
(Calico Hills, vitric) 

fracture permeability [m2] 
(Calico Hills, zeolitic) 

fracture permeability [m2] 
(Prow Pass) 

fracture permeability [m2 ] 

(Upper Crater Flat) 

fracture permeability [m21 
(Bullfrog) 

fracture permeability [m2 ] 
(Middle Crater Flat) 

matrix porosity [ f 
(Topopah Spring) 

matrix porosity [ } 
(Calico Hills, vitric) 

matrix porosity[ ] 
(Calico Hills, zeolitic) 

A-3

Peters et al. (1984) (reported range and 
correlation length considerations) 

Assumed same as Upper Crater Flat 

Klavetter and Peters (1986) (reported range 
and correlation length considerations) 

Klavetter and Peters (1986) (+ /- 50 percent 
of reported value and correlation length 
considerations) 

Klavetter and Peters (1986) (+ /- 50 percent 
of reported value and correlation length 
considerations) 

Klavetter and Peters (1986) (+/- 50 percent 
of reportedvalue and correlation length 
considerations) 

Assumed same as Calico Hills 

Assumed same as Prow Pass 

Assumed same as Calico Hills 

Peters et al. (1984) (reported range) 

Peters et al. (1984) (+/- 25 percent of mean) 

Peters et al. (1984) (+I- 25 percent of mean)

NUREG-1464

(



Appendix A

Type of Distibution Value 
(or Range in Value) 

UNIFORM 
0.24 0.40 

UNIFORM 
0.18 0.30 

UNIFORM 
0.19 0.32 

UNIFORM 
0.18 0.30 

CONSTANT 
4.1E-5 

CONSTANT 
4.6E-5 

CONSTANT 
4.6E-5 

CONSTANT 
1.3E-5 

CONSTANT 
4.6E-5 

CONSTANT 
1.3E-5 

CONSTANT 
4.6E-5 

UNIFORM 
1.4 2.2 

UNIFORM 
1.5 4.9

Parameter Name Module Parameter Desciption

porm (4) 

pormt (5) 

porm (6) 

porm (7) 

porf (1) 

porf (2) 

porf (3) 

porf (4) 

porf (5) 

porf (6) 

porf (7) 

betam (1) 

betam (2)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

matrix porosity [ ] 
(Prow Pass) 

matrix porosity[ ] 
(Upper Crater Flat) 

matrix porosity [ ] 
(Bullfrog) 

matrix porosity[ ] 
(Middle Crater Flat) 

fracture porosity 
(Topopah Spring) 

fracture porosity 
(Calico Hills, vitric) 

fracture porosity [ ] 
(Calico Hills, zeolitic) 

fracture porosity [ 
(Prow Pass) 

fracture porosity [ ] 
(Upper Crater Flat) 

fracture porosity [ 3 
(Bullfrog) 

fracture porosity [ 
(Middle Crater Flat) 

van Genuchten power term [ ] 
(Topopah Spring - matrix) 

van Genuchten power term [ 
(Calico Hills, vitric - matrix)

Basis for Parameter Assignment 

Peters et al. (1984) (+/- 25 percent of mean) 

Peters et al. (1984) (+/- 25 percent of mean) 

Peters et al. (1984) (+/- 25 percent of mean) 

Assumed same as Upper Crater Flat 

Klavetter and Peters (1986) 

Klavetter and Peters (1986) 

Klavetter and Peters (1986) 

Klavetter and Peters (1986) 

Assumed same as Calico Hills 

Assumed same as Prow Pass 

Assumed same as Calico Hills 

Klavetter and Peters (1986) 
(+ /- 25 percent reported value) 

Klavetter and Peters (1986) (+ /- 25 percent 
of reported value-lower bound replacd 
with reported low value in Peters et '84))
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

UNIFORM 
1.2 

UNIFORM 
2.0 

UNIFORM 
1.5 

UNIFORM 
2.3 

UNIFORM 
1.5 

UNIFORM 
3.2 

UNIFORM 
3.2 

UNIFORM 
3.2 

UNIFORM 
3.2 

UNIFORM 
3.2 

UNIFORM 
3.2 

UNIFORM 
3.2

3.3 

3.4 

2.4 

4.2 

2.4 

5.3 

5.3 

5.3 

5.3 

5.3 

5.3 

5.3

Klavetter and Peters (1986) (+ /- 25 percent 
of reported value-upper bound replaced 
with reported high value in Peters et al, 
(1984)) 

Klavetter and Peters (1986) (+ /- 25 percent 
of reported value-upper bound replaced with 
reported high value in Peters et al. (1984)) 

Peters et al. (1984) (+ /- 25 percent of mean) 

Peters et al. (1984) (reported range) 

Assumed same as Upper Crater Flat

betam (3) 

betam (4) 

betam (5) 

betam (6) 

betam (7) 

betaf (1) 

betaf (2) 

betaf (3) 

betaf (4) 

betaf (5) 

betaf (6) 

betaf (7)

NUREG-1464

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

van Genuchten power term [ I 
(Calico Hills, zeolitic - matrix) 

van Genuchten power term [ 
(Prow Pass - matrix) 

van Genuchten power term 
(Upper Crater Flat - matrix) 

van Genuchten power term 
(Bullfrog - matrix) 

van Genuchten power term 
(Middle Crater Flat - matrix) 

van Genuchten power term 
(Topopah Spring - fracture) 

van Genuchten power term 
(Calico Hills, vitric - fracture) 

van Genuchten power term [ ] 
(Calico Hills, zeolitic - frac.) 

van Genuchten power term 
(Prow Pass - fracture) 

van Genuchten power term [ 
(Upper Crater Flat - fracture) 

van Genuchten power term 
(Bullfrog - fracture) 

van Genuchten power term 
(Middle Crater Flat - fracture)

Klavetter and Peters (1986) 
(+ /- 25 percent of reported value) 

Klavetter and Peters (1986) 
(+ /- 25 percent of reported value) 

Klavetter and Peters (1986) 
(+±/- 25 percent of reported value) 

Klavetter and Peters (1986) 
(+ /- 25 percent of reported value) 

Assumed same as Calico Hills 

Assumed same as Prow Pass 

Assumed same as Calico Hills

/-

A-5



Appendix A

Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

CONSTANT 
0.0026 

CONSTANT 
0.0026 

CONSTANT 
0.0026 

CONSTANT 
0.0026 

CONSTANT 
0.0026 

CONSTANT 
0.0026 

CONSTANT 
0.0026 

NORMAL 
0.3

LOGUNIFORM 
1.OE-4 

LOGUNIFORM 
5.0E-3 

LOGUNIFORM 
0.045 

LOGUNIFORM 
0.328 

NTTT t'ý. - 1A4A

30.0

5.OE-3

grad (1) 

grad (2) 

grad (3) 

grad (4) 

grad (5) 

grad (6) 

grad (7) 

dispersion 

infiltration

infiltration 
1.OE-2 (pluvial)

4.5 

32.8

kdm (1) 

kdm (2)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

gradient in saturated zone 
(Topopah Spring) 

gradient in saturated zone [ 
(Calico Hills, vitric) 

gradient in saturated zone 
(Calico Hills, zeolitic) 

gradient in saturated zone [ ] 
(Prow Pass) 

gradient in saturated zone 
(Upper Crater Flat) 

gradient in saturated zone 
(Bullfrog) 

gradient in saturated zone 
(Middle Crater Flat)

dispersion length [m]

infiltration rate (undisturbed) 
[m/yr]

infiltration rate [m/yr] 
(pluvial conditions) 

Cm Kd [m3/kg] 
(Topopah Spring) 

Cm Kd [m3/kg] 
(Calico Hills, vitric)

Based on elevation of water table at 
the Yucca Mountain site 

Based on elevation of water table at 
the Yucca Mountain site 

Based on elevation of water table at 
the Yucca Mountain site 

Based on elevation of water table at 
the Yucca Mountain site 

Based on elevation of water table at 
the Yucca Mountain site 

Based on elevation of water table at 
the Yucca Mountain site 

Based on elevation of water table at 
the Yucca Mountain site

Assumed

Assumed (similar to IPA Phase 1; 
see Codell et al. (1992)) 

Assumed (similar to IPA Phase 1; 
see Codell et al. (1992))

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retradation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

(



ypendix A

7ype of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.166 

LOGUNIFORM 
0.116 

LOGUNIFORM 
0.132 

LOGUNIFORM 
0.12 

LOGUNIFORM 
0.132 

LOGUNIFORM 
2.OE-5 

LOGUNIFORM 
0.002 

LOGUNIFORM 
0.0001 

CONSTANT 
0.0 

LOGUNIFORM 
8.OE-5

16.6 

11.6 

13.2 

12.0 

13.2 

2.0E-3 

0.2 

0.01

8.OE-3

kdm (3) 

kdm (4) 

kdm (5) 

kdm (6) 

kdm (7) 

kdm (15) 

kdm (16) 

kdm (17) 

kdm (18) 

kdm (19)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Cm Kd [m3/kg] 
(Calico Hills, zeolitic) 

Cm Kd [m3/kg] 
(Prow Pass) 

Cm Kd [m3/kg] 
(Upper Crater Flat) 

Cm Kd [m3/kg] 
(Bullfrog) 

Cm Kd [m3/kg] 
(Middle Crater Flat) 

U Kd [m3/kg] 
(Topopah Spring) 

U Kd [m3/kgl 
(Calico Hills, vitric) 

U Kd [m 3/kg] 
(Calico Hills, zeolitic) 

U Kd [m3/kg] 
(Prow Pass) 

U Kd [m3/kg] 
(Upper Crater Flat)

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells 
UE25al, G3, and J13) 

Meijer (1990) (+ /- one order of magnitude of 
the reported value-Well G3) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells 
G1 and G2) 

Assumed to be zero 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity)

NUREG-1464
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Appendix A

Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.0002 

LOGUNIFORM 
8.OE-5 

LOGUNIFORM 
0.081 

LOGUNIFORM 
0.081 

LOGUNIFORM 
0.17 

LOGUNIFORM 
0.45 

LOGUNIFORM 
0.136 

LOGUNIFORM 
0.014 

LOGUNIFORM 
0.136 

LOGUNIFORM 
0.00045

0.02 

8.OE-3 

8.1 

8.1 

17.0 

45.0 

13.6 

1.4 

13.6 

0.045

kdm (20) 

kdm (21) 

kdm (22) 

kdm (23) 

kdm (24) 

kdm (25) 

kdm (26) 

kdm (27) 

kdm (28) 

kdm (29)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

U Kd [m3/kg] 
(Bullfrog)

U Kd [m3/kg] 
(Middle Crater Flat) 

Am Kd [m3/kg] 
(Topopah Spring) 

Am Kd [m 3/kg] 
(Calico Hills, vitric) 

Am Kd [m3/kg] 
(Calico Hills, zeolitic) 

Am Kd [m3/kg] 
(Prow Pass) 

Am Kd [m3/kg] 
(Upper Crater Flat) 

Am Kd [m3/kg] 
(Bullfrog) 

Am Kd [m3/kg] 
(Middle Crater Flat) 

Np Kd [m3/kg] 
(Topopah Spring)

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells 
G1, J13, and UE25a1) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells J13, G3, 
and UE25al) 

Assumed same Kd as Topopah Spring 

Meijer (1990) (+ /- one order of magnitude of 
the reported value-Well G2) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells Gi and 
UE25al) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells J13 and 
UE25a1) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G3 and 
UE25al) (

/
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.00045 

LOGUNIFORM 
0.00027 

LOGUNIFORM 
0.00051 

LOGUNIFORM 
0.00022 

LOGUNIFORM 
0.00051 

LOGUNIFORM 
0.00022 

LOGUNIFORM 
0.017 

LOGUNIFORM 
0.017 

LOGUNIFORM 
0.0066 

LOGUNIFORM 
0.013 

LOGUNIFORM 
0.0053

0.045 

0.027 

0.051 

0.022 

0.051 

0.022 

1.7 

1.7 

0.66 

1.3 

0.53

kdm (30) 

kdm (31) 

kdm (32) 

kdm (33) 

kdm (34) 

kdm (35) 

kdm (8) 

kdm (9) 

kdm (10) 

kdm (11) 

kdm (12)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Np Kd [m3 /kg] 
(Calico Hills, vitric) 

Np Kd [m3/kg] 
(Calico Hills, zeolitic) 

Np Kd [m3/kg] 
(Prow Pass) 

Np Kd [m3/kg] 
(Upper Crater Flat) 

Np Kd [m3/kg] 
(Bullfrog) 

Np Kd [m3/kg] 
(Middle Crater Flat) 

Pu Kd [m3/kg] 
(Topopah Spring) 

Pu Kd [m3/kg] 
(Calico Hills, vitric) 

Pu Kd [m3/kg] 
(Calico Hills, zeolitic) 

Pu Kd [m3/kg] 
(Prow Pass) 

Pu Kd [m3 /kg] 
(Upper Crater Flat)

Assumed same Kd as Topopah Spring 

Meijer (1990) (+ /- one order of magnitude of 
the reported value-Well G2) 

Meijer (1990) (+±/- one order of magnitude of 
log mean of reported values-Wells G0 and 
UE25a1) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Assumed same Kd as Prow Pass 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Meijer (1990) (± /- one order of magnitude of 
log mean of reported values-Wells G3, J13, 
and UE25a1) 

Assumed same Kd as Topopah Spring 

Meijer (1990) (+±/- one order of magnitude of 
the reported value-Well G2) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G1 and 
UE25a1) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity)

NUREG-1464
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Appendix A

Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.0094 

LOGUNIFORM 
0.0053 

LOGUNIFORM 
0.0048 

LOGUNIFORM 
0.034 

LOGUNIFORM 
0.017 

LOGUNIFORM 
0.012 

LOGUNIFORM 
0.014 

LOGUNIFORM 
0.013 

LOGUNIFORM 
0.014 

LOGUNIFORM 
0.1• 

MrP(, 1I

0.94 

0.53 

0.48 

3.4 

1.7 

1.2 

1.4 

1.3 

1.4 

15.0

kdm (13) 

kdm (14) 

kdm (36) 

kdm (37) 

kdm (38) 

kdm (39) 

kdm (40) 

kdm(41) 

kdm(42) 

kdm (43)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Pu Kd [m3 /kg] 
(Bullfrog)

Pu Kd [m3 /kgl 
(Middle Crater Flat) 

Th Kd [m3/kgl 
(Topopah Spring) 

Th Kd [m3/kg] 
(Calico Hills, vitric) 

Th Kd [m3/kg] 
(Calico Hills, zeolitic) 

Th Kd [m3/kgj 
(Prow Pass) 

Th Kd [m3/kg] 
(Upper Crater Flat) 

Th Kd [m3/kg] 
(Bullfrog) 

Th Kd [m3/kg] 
(Middle Crater Flat) 

Ra Kd [m3/kg] 

(To,,opah Spring) 

A-in

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells J13 and 
UE25a1) 

same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Codell et al. (1992) (+ /- one order of 
magnitude of mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+±/- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of retardation 
factors from IPA Phase 1) 

Meijer (1990) (+ /- one order of 

magnitude of the reported value. Well G1) (
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73pe of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.15 

LOGUNIFORM 
0.15 

LOGUNIFORM 
0.15 

LOGUNIFORM 
0.12 

LOGUNIFORM 
0.5 

LOGUNIFORM 
0.12 

LOGUNIFORM 
0.00068 

LOGUNIFORM 
0.0049 

LOGUNIFORM 
0.0025 

LOGUNIFORM 
0.0017 

LOGUNIFORM 
0.0020

15.0 

15.0 

15.0

12.0 

50.0 

12.0 

0.068 

0.49 

0.25 

0.17 

0.20

kdm (44) 

kdm (45) 

kdm(46) 

kdm (47) 

kdm (48) 

kdm (49) 

kdm (50) 

kdm (51) 

kdm (52) 

kdm (53) 

kdm (54)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Ra Kd [m3/kgl 
(Calico Hills, vitric) 

Ra Kd [m3/kg] 
(Calico Hills, zeolitic) 

Ra Kd [m3/kg] 
(Prow Pass) 

Ra Kd [m 3/kg] 
(Upper Crater Flat) 

Ra Kd [m3/kg] 
(Bullfrog) 

Ra Kd [m 3 /kg] 
(Middle Crater Flat) 

Pb Kd [m3/kg] 
(Topopah Spring) 

Pb Kd [m3/kg] 
(Calico Hills, vitric) 

Pb Kd [m3/kg] 
(Calico Hills, zeolitic) 

Pb Kd [m3/kg] 
(Prow Pass) 

Pb Kd [m 3/kg] 
(Upper Crater Flat)

Assumed same Kd as Topopah Spring 

Assumed same Kd as Topopah Spring 

Assumed same Kd as Topopah Spring 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Well G1) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Codell et al. (1992) (+I/- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1)

NUREG-1464
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.0018 

LOGUNIFORM 
0.0020 

LOGUNIFORM 
0.036 

LOGUNIFORM 
0.024 

LOGUNIFORM 
2.2 

LOGUNIFORM 
0.22 

LOGUNIFORM 
1.76 

LOGUNIFORM 
0.32 

LOGUNIFORM 
1.76

0.18 

0.20 

3.6 

2.4 

220.  

22.0 

176.0 

32.0 

176.0

kdm (55) 

kdm (56) 

kdm (57) 

kdm (58) 

kdm (59) 

kdm (60) 

kdm (61) 

kdm (62) 

kdm (63)

CONSTANT kdm (64) 
0.0

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

NUREG-1464

Pb Kd [m3/kg] 
(Bullfrog)

Pb Kd [m3/kg] 
(Middle Crater Flat) 

Cs Kd [m3/kg] 
(Topopah Spring) 

Cs Kd [m3/kg] 
(Calico Hills, vitric) 

Cs Kd [m3/kg] 
(Calico Hills, zeolitic) 

Cs Kd [m3/kg] 
(Prow Pass) 

Cs Kd [m3/kgJ 
(Upper Crater Flat) 

Cs Kd [m3 /kg] 
(Bullfrog) 

Cs Kd [m3 /kg] 
(Middle Crater Flat) 

I Kd Fm3/kg] 
' 'h Spring) 

A-12

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Meijer (1990) (+ /- one order of 
magnitude of log mean of reported values
Wells 01, G3, and UE25a1) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values in Topopah 
Spring unit-Well G3) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G1 and 
G2) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G1, J13, 
and UE25a1) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Meijer (1990) (+/- one order of magnitude of 
log mean of reported values-Wells G1, J13, 
and UE25al) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity)

Assumed to be zero

(



A / At.L .dix A

Type of Distibution VT 
(or Range in Value) 

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0 

LOGUNIFORM 
1.OE-6 

CONSTANT 
0.0 

CONSTANT 
0.0 

LOGUNIFORM 
1.7E-5 

CONSTANT 
0.0 

LOGUNIFORM 
0.00042 

CONSTANT 
0.0

1.OE-4

Parameter Name 

kdm (65) 

kdm (66) 

kdm(67) 

kdm(68) 

kdm (69) 

kdm (70) 

kdm (78)

kdm (79) 

kdm (80) 

kdm (81) 
1.7E-3 

kdm (82) 

kdm (83) 

0.042 

kdm (84)

Basis for Parameter Assignment

NUREG-1464

(
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Module 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Parameter Desciption 

I Kd [m3 /kg] 
(Calico Hills, vitric) 

I Kd [m3 /kg] 
(Calico Hills, zeolitic) 

I Kd [m3/kg] 
(Prow Pass) 

I Kd [mn3/kg] 
(Upper Crater Flat) 

I Kd [m3/kg] 
(Bullfrog) 

I Kd [m3/kg] 
(Middle Crater Flat) 

Tc Kd [m3/kg] 
(Topopah Spring) 

Tc Kd [m3/kg] 
(Calico Hills, vitric) 

Tc Kd [m3/kg] 
(Calico Hills, zeolitic) 

Tc Kd [m3/kg] 
(Prow Pass) 

Tc Kd [m3/kgJ 
(Upper Crater Flat) 

Tc Kd [m3/kgJ 
(Bullfrog) 

Tc Kd [m3/kg] 
(Middle Crater Flat)

Assumed to be zero 

Assumed to be zero 

Assumed to be zero 

Assumed to be zero 

Assumed to be zero 

Assumed to be zero 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G3 and 
UE25al) 

Assumed to be zero 

Assumed to be zero 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Well J13) 

Same retardation factor as Calico Hills 
zeolitic 

Meijer (1990) (+ /- one order of magnitude of 
the reported value-Well UE25a1) 

Same retardation factor as Calico Hills 
zeolitic
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.00037 

LOGUNIFORM 
0.0027 

LOGUNIFORM 
0.0014 

LOGUNIFORM 
0.0009 

LOGUNIFORM 
0.0011 

LOGUNIFORM 
0.001 

LOGUNIFORM 
0.0011 

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0 

XTr~nrmr~ 4
IACA

0.037 

0.27 

0.14 

0.09 

0.11 

0.1 

0.11

kdm (99) 

kdm (100) 

kdm (101) 

kdm (102) 

kdm (103) 

kdm (104) 

kdm (105) 

kdm (106) 

kdm (107) 

kdm (108) 

kdm (109)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Ni Kd [m3/kg] 
(Topopah Spring) 

Ni Kd [m 3/kg] 
(Calico Hills, vitric) 

Ni Kd [m3/kg] 
(Calico Hills, zeolitic) 

Ni Kd [m3/kg] 
(Prow Pass) 

Ni Kd [m3/kg] 
(Upper Crater Flat) 

Ni Kd [m3/kg] 
(Bullfrog) 

Ni Kd [m3 /kg] 
(Middle Crater Flat) 

C Kd [m3/kg] 
(Topopah Spring) 

C Kd [m3/kg] 
(Calico Hills, vitric) 

C Kd [m3/kg] 
(Calico Hills, zeolitic) 

C Kd fm 3/kg] 
(Pry Is)

Codell et a!. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Assumed to be zero 

Assumed to be zero 

Assumed to be zero 

Assumed to be zero 
(

A 4A
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7Tpe of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0

LOGUNIFORM 
0.00026 

LOGUNIFORM 
0.0003 

LOGUNIFORM 
0.00045 

LOGUNIFORM 
0.00025 

LOGUNIFORM 
0.00036 

LOGUNIFORM 
0.0013 

LOGUNIFORM 
0.00036 

CONSTANT 
0.0

0.026 

0.03 

0.045 

0.025 

0.036 

0.13 

0.036

CONSTANT 
0.0

kdrm (110) 

kdm (111) 

kdm (112) 

kdm (113) 

kdm (114) 

kdm (115) 

kdm (116) 

kdm (117) 

kdm (118) 

kdm (119) 

kdm (120) 

kdm (121)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

C Kd [m3/kg] 
(Upper Crater Flat) 

C Kd [m3/kg] 
(Bullfrog) 

C Kd [m3/kg] 
(Middle Crater Flat) 

Se Kd [m3/kg] 
(Topopah Spring) 

Se Kd [m3/kg] 
(Calico Hills, vitric) 

Se Kd [m3/kg] 
(Calico Hills, zeolitic) 

Se Kd [m3/kg] 
(Prow Pass) 

Se Kd [m3/kg] 
(Upper Crater Flat) 

Se Kd [m3/kg] 
(Bullfrog) 

Se Kd [m3 /kgJ 
(Middle Crater Flat) 

Nb Kd [m3 /kg] 
(ropopah Spring) 

Nb Kd [m3 /kg] 
(Calico Hills, vitric)

Assumed to be zero 

Assumed to be zero

Assumed to be zero 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Well G3) 

Meijer (1990) (+ /- one order of magnitude of 
the reported value-Well G3) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G1 
and G2) 

Meijer (1990) (+ /- one order of magnitude of 
the reported value-Well G1) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Well G1) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Assumed to be zero 

Assumed to be zero

NUREG-1464
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0 

CONSTANT 
0.0

LOGUNIFORM 
0.0134 

LOGUNIFORM 
0.097 

LOGUNIFORM 
0.049 

LOGUNIFORM 
0.034 

LOGUNIFORM 
0.039 

LOGUNIFORM 
0.035 

NURhG-1464

1.34 

9.7 

4.9 

3.4 

3.9 

3.5

kdm (122) 

kdm (123) 

kdm (124) 

kdm (125) 

kdm (126) 

kdm (71) 

kdm (72) 

kdm (73) 

kdm (74) 

kdm (75) 

kdm (76)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Nb Kd [m3 /kg] 
(Calico Hills, zeolitic) 

Nb Kd [m3/kg] 
(Prow Pass) 

Nb Kd [m3/kg] 
(Upper Crater Flat) 

Nb Kd [m3/kg] 
(Bullfrog) 

Nb Kd [m3/kg] 
(Middle Crater Flat) 

Sn Kd [M 3/kg] 
(Topopah Spring) 

Sn Kd [m3/kg] 
(Calico Hills, vitric) 

Sn Kd [m3 /kg] 
(Calico Hills, zeolitic) 

Sn Kd [m3/kg] 
(Prow Pass) 

Sn Kd [m3/kg] 
(Upper Crater Flat)

Sn Kd [m3/kg] 
(Bullfrog)

A-16

Assumed to be zero 

Assumed to be zero 

Assumed to be zero 

Assumed to be zero

Assumed to be zero 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) (



(

Appendix A

Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.039 

LOGUNIFORM 
0.00048 

LOGUNIFORM 
0.0034 

LOGUNIFORM 
0.0017 

LOGUNIFORM 
0.0012 

LOGUNIFORM 
0.0014 

LOGUNIFORM 
0.0013 

LOGUNIFORM 
0.0014 

LOGUNIFORM 
0.008 

LOGUNIFORM 
0.0034

3.9 

0.048 

0.34 

0.17 

0.12 

0.14 

0.13 

0.14 

0.8 

0.34

kdm (77) 

kdm (85) 

kdm (86) 

kdm (87) 

kdm (88) 

kdm (89) 

kdm (90) 

kdm (91) 

kdm (92) 

kdm (93)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

Sn Kd [m3/kg] 
(Middle Crater Flat) 

Zr Kd [m3/kg] 
(Topopah Spring) 

Zr Kd [m3/kg] 
(Calico Hills, vitric) 

Zr Kd [m3/kg] 
(Calico Hills, zeolitic) 

Zr Kd [m3/kg] 
(Prow Pass) 

Zr Kd [m3/kg] 
(Upper Crater Flat) 

Zr Kd [m3 /kg] 
(Bullfrog) 

Zr Kd [m3 /kg] 
(Middle Crater Flat) 

Sr Kd [m3 /kg] 
(Topopah Spring) 

Sr Kd [m3/kg] 
(Calico Hills, vitric)

Codell et al. (1992) (+/- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Codell et al. (1992) (+ /- one order of 
magnitude of the mean of log of 
retardation factors from IPA Phase 1) 

Meijer (1990) (+ /- one order of magnitude 
of log mean of reported values-Wells G1, 
G3, and UE25a1) 

Meijer (1990) (+ /- one order of magnitude 
of log mean of reported values in Topopah 
Spring unit-Well G3)

NUREG-1464

( (
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
0.89 

LOGUNIFORM 
0.045 

LOGUNIFORM 
0.71 

LOGUNIFORM 
0.028 

LOGUNIFORM 
0.71 

UNIFORM 
3.75E4

UNIFORM 
100.  

UNIFORM 
-2.  

UNIFORM 
-3.40 

UNIFORM 
100.  

UNIFORM 
0.001

89.0 

4.5 

71.0 

2.8 

71.0 

3.75E5

150.  

-0.5 

-3.  

300.  

0.023

kdm (94) 

kdm (95) 

kdm (96) 

kdm (97) 

kdm (98) 

areao 

ecorr(1) 

ecorr(2) 

ecorr(3) 

ecorr(4) 

ecorr(5)

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD 

FLOWMOD

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC

Sr Kd [m3/kgj 
(Calico Hills, zeolitic)

Sr Kd [m3/kg] 
(Prow Pass)

Sr Kd [m3/kg] 
(Upper Crater Flat) 

Sr Kd [mn3/kg] 
(Bullfrog) 

Sr Kd [m 3 /kg] 

(Middle Crater Flat) 

area of discharge [m2]

baseline corrosion potential [m/V] 

factor for temperature effect [ ] 

factor for temperature effect on 
ambient potential [ ] 

factor for radiolysis effect 

deca rate for gamma emitters 
[yr -7

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G1 
and G2) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G1, 
J13, and UE25al) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Meijer (1990) (+ /- one order of magnitude of 
log mean of reported values-Wells G1, J13, 
and UE25al) 

Same retardation factor as Calico Hills 
zeolitic (allowances made for density and 
porosity) 

Production zone thicknesses from field 
determinations (see Table 4-9) 

Estimate based on Macdonald and 
Urquidi-Macdonald (1990) 

Estimate based on Macdonald and 
Urquidi-Macdonald (1990) 

Estimate based on Macdonald 
Urquidi-Macdonald (1990) 

Estimate based on Macdonald 
Urquidi-Macdonald (1990) 

Upper limit based on 1 3 7Cs



e 

.txjpendix A

7ype of Distibution Value 
(or Range in Value) 

UNIFORM 
1000. 1500.  

UNIFORM 
1000. 1500.  

LOGUNIFORM 
1.E-5 0.001 

CONSTANT 
1.E-7 

CONSTANT 
i.E-5 

CONSTANT 
1.786E-2 

CONSTANT 
37.  

CONSTANT 
5.256E-8 

CONSTANT 
3.942E-7 

CONSTANT 
32.  

CONSTANT 
473.  

CONSTANT 
3.  

CONSTANT 
0.001

Parameter DesciptionParameter Name 

ecorr(6) 

ecorr(7) 

ecorr(8) 

carbon(i) 

carbon(2) 

carbon(3) 

carbon(4) 

carbon(5) 

carbon(6) 

carbon(7) 

carbon(8) 

carbon(9) 

carbon(10)

Module 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC

NUREG-1464
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crevice corrossion potential [mV] 

pitting corrossion potential [mV] 

rate for localized corrosion [m/yr] 

thickness of zirconium oxide [m] 

initial radius of U0 2 grain [m] 

02 concentration outside of particle 
[kg-mole/m 31 

density of U0 2 [Kg-mole/m 3] 

reference diffusion, inner layer 
[m2/yr] 

reference diffusion, outer layer 
[m2/yr] 

activation energy [Kcal/g-mole] 

reference temperature [°K] 

moles of U0 2 per mole of 02 

radius of U0 2 fragment [m]

Basis for Parameter Assignment 

Estimate based on Watson and Postlethwaite 
(1990) 

Estimate based on Henshall (1991) 

Assumed 

Estimate based on Smith and Baldwin (1989) 

Estimate based on Einziger and Buchanan 
(1988) 

Atmospheric concentration value 

Assumed 

Fitted value from empirical model presented 
in Section 5.6.3 

Fitted value from empirical model presented 
in Section 5.6.3 

Fitted value from empirical model presented 
in Section 5.6.3 

Assumed 

Based on stoichiometry assuming U 30 8 

product 

See Einziger and Buchanan (1988)

(
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Type of Distibution Value 
(or Range in Value) 

CONSTANT 
6.1E-4 

CONSTANT 
7.2E-4 

CONSTANT 
4.89E-4 

CONSTANT 
2.48E-5 

CONSTANT 
6.2E-6 

LOGUNIFORM 
1.OE-5 1.0F 

LOGUNIFORM 
1.OE-5 .0OE 

LOGUNIFORM 
1.OE-5 1.0E 

LOGUNIFORM 
1.OE-5 1.OE 

LOGUNIFORM 
1.OE-5 1.OE 

LOGUNIFORM 
1.OE-5 1.OE 

LOGUNIFORM 
1.OE-5 1.OE 

UNIFORM 
0.0 1.0 

NUREG-1464

'-3 

'-3 

'-3 

'-3 

•-3 

3-3 

:-3

Parameter Name 

carbon(11) 

carbon(12) 

carbon(13) 

carbon(14) 

carbon(15) 

forwar(1) 

forwar(2) 

forwar(3) 

forwar(4) 

forwar(5) 

forwar(6) 

forwar(7) 

warea(1)

Module 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC

Parameter Desciption 

thickness of cladding [m] 

curies 14 C/kg in U0 2 [Ci/kgJ 

curies 14 C/kg in cladding [Ci/kg] 

curies 14 C/kg in ZrO 2 [Ci/kg] 

curies 14C/kg in grain and gap 
[Ci/kg] 

U0 2 alteration rate [1/yr] 
(repository sub-area No. 1) 

U0 2 alteration rate [1/yr] 
(repository sub-area No. 2) 

U0 2 alteration rate [l/yr] 
(repository sub-area No. 3) 

U0 2 alteration rate [1/yr] 
(repository sub-area No. 4) 

U0 2 alteration rate [1/yr] 
(repository sub-area No. 5) 

U0 2 alteration rate [l/yr] 
(repository sub-area No. 6) 

U0 2 alteration rate [1/yr] 
(repository sub-area No. 7) 
fraction of waste packages contacted 

I((- --'ository sub-area No. 1) 

A 
A-20

Basis for Parameter Assignment 

See Smith and Baldwin (1989) 

See Park (1992) 

See Park (1992) 

See Park (1992) 

See Park (1992) 

Estimate based on Grambow (1989) 

Estimate based on Grambow (1989) 

Estimate based on Grambow (1989) 

Estimate based on Grambow (1989) 

Estimate based on Grambow (1989) 

Estimate based on Grambow (1989) 

Estimate based on Grambow (1989) 

Assumed 

(
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.08 

UNIFORM 
0.08 

UNIFORM 
0.08 

UNIFORM 
0.08 

UNIFORM 
0.08 

UNIFORM 
0.08 

UNIFORM 
0.08

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2

warea(2) 

warea(3) 

warea(4) 

warea(5) 

warea(6) 

warea(7) 

rpor(1,1) 

rpor(2,1) 

rpor(3,1) 

rpor(4,1) 

rpor(5,1) 

rpor(6,1) 

rpor(7,1)

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC

fraction of waste packages contacted 
[ I (repository sub-area No. 2) 

fraction of waste packages contacted 
[ ] (repository sub-area No. 3) 

fraction of waste packages contacted 
[ (repository sub-area No. 4) 

fraction of waste packages contacted 
[ I (repository sub-area No. 5) 

fraction of waste packages contacted 
[ ] (repository sub-area No. 6) 

fraction of waste packages contacted 
[ ] (repository sub-area No. 7) 

porosity in near field [ I 
(repository sub-area No. 1) 

porosity in near field [ I 
(repository sub-area No. 2) 

porosity in near field [ I 
(repository sub-area No. 3) 

porosity in near field [ I 
(repository sub-area No. 4) 

porosity in near field [ ] 
(repository sub-area No. 5) 

porosity in near field [ ] 
(repository sub-area No. 6) 

porosity in near field [ ] 
(repository sub-area No. 7) 

A-21

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff)

NUREG-1464
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGUNIFORM 
5.7E-6 

LOGUNIFORM 
5.7E-6 

LOGUNIFORM 
5.7E-6 

LOGUNIFORM 
5.7E-6 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

LOGNORMAL 
2.3 

LOGNORMAL 

NUREG-1464

5.7E-3 

5.7E-3 

5.7E-4 

5.7E-4 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

131.2 

1.325

rdiff(1,1) 

rdiff(1,2) 

rdiff(1,3) 

rdiff(1,4) 

volmax(1) 

volmax(2) 

volmax(3) 

volmax(4) 

volmax(5) 

volmax(6) 

volmax(7) 

rde(1) 

rde(3)

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC

diffusion coefficient in near field 
[m2/yr] (layer No. 1) 

diffusion coefficient in near field 
[m2/yr] (layer No. 2) 

diffusion coefficient in near field 
[m2/yr] (layer No. 3) 

diffusion coefficient in near field 
[m2/yr] (layer No. 4) 

max. vol. of water in waste package 
[m31 (repository sub-area No. 1) 

max. vol. of water in waste package 
[m3] (repository sub-area No. 2) 

max. vol. of water in waste package 
[m3] (repository sub-area No. 3) 

max. vol. of water in waste package 
[m3] (repository sub-area No. 4) 

max. vol. of water in waste package 
[m31 (repository sub-area No. 5) 

max. vol. of water in waste package 
[m3] (repository sub-area No. 6) 

max. vol. of water in waste package 
[m 3] (repository sub-area No. 7) 

Cm retardation coefficient [ ] 

U retardation coefficient [ ]

Assumed 

Assumed 

Assumed 

Assumed 

Upper limit based on volume of Site 
Characterization Plan (SCP) 
containers and fuel (see DOE, 1988a) 

Upper limit based on volume of SCP 
containers and fuel (see DOE, 1988a) 

Upper limit based on volume of SCP 
containers and fuel (see DOE, 1988a) 

Upper limit based on volume of SCP 
containers and fuel (see DOE, 1988a) 

Upper limit based on volume of SCP 
containers and fuel (see DOE, 1988a) 

Upper limit based on volume of SCP 
containers and fuel (see DOE, 1988a) 

Upper limit based on volume of SCP 
containers and fuel (see DOE, 1988a) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff)

A-22
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7Tpe of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

LOGNORMAL 
2.79 

LOGNORMAL 
1.008 

LOGNORMAL 
1.3 

LOGNORMAL 
1.76 

LOGNORMAL 
3.44 

LOGNORMAL 
1.39 

LOGNORMAL 
1.68 

CONSTANT 
1.0 

LOGNORMAL 
1.0002 

LOGNORMAL 
1.08 

CONSTANT 
1.0 

LOGNORMAL 
1.007 

CONSTANT 
1.0

165.4 

1.81 

33.6 

77.5 

245.2 

40.07 

69.4 

1.016 

8.81 

1.65

rde(4) 

rde(5) 

rde(2) 

rde(6) 

rde(7) 

rde(8) 

rde(9) 

rde(10) 

rde(12) 

rde(15) 

rde(16) 

rde(17) 

rde(18)

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC

Am retardation coefficient 

Np retardation coefficient [ ] 

Pu retardation coefficient 

Th retardation coefficient 

Ra retardation coefficient [ 

Pb retardation coefficient [ 

Cs retardation coefficient 

I retardation coefficient [ ] 

Tc retardation coefficient [ ] 

Ni retardation coefficient 

C retardation coefficient 

Se retardation coefficient [ 

Nb retardation coefficient [ ]

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff)

NUREG-1464
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Type of Distibution Value 
(or Range in Value) 

CONSTANT 
1.23 

CONSTANT 
1.39 

CONSTANT 
1.19 

LOGUNIFORM 
2.56E-7 5.E

LOGUNIFORM 
4.E-8 3.E

LOGUNIFORM 
1.E-6 3.E

LOGUNIFORM 
1.4E-4 0.02 

LOGUNIFORM 
2.E-7 5.E

LOGUNIFORM 
2.E-12 1.E

LOGUNIFORM 
9.E-6 9.E

LOGUNIFORM 
2.1E-6 6.3E 

CONSTANT 

1.0 

CONSTANT

-4 

-5 

-4 

37 

-4 

-4 

-5 

:-4

NUJREG-1464

Parameter Name 

rde(11) 

rde(13) 

rde(14) 

sol(l) 

sol(3) 

sol(4) 

sol(5) 

sol(2) 

sol(6) 

sol(7) 

sol(8) 

sol(9) 

sol(10)

Module 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC

Parameter Desciption 

Sn retardation coefficient [ ] 

Zr retardation coefficient [ 

Sr retardation coefficient [ ] 

Cm solubility [kg/m 3] 

U solubility [kg/m 3] 

Am solubility [kg/m 3] 

Np solubility [kg/m 3] 

Pu solubility [kg/m 3] 

Th solubility [kg/m 3] 

Ra solubility [kg/m 3] 

Pb solubility [kg/m 3] 

Cs solubility [kg/m 3] 

I solubility [kg/m 3]

Basis for Parameter Assignment 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed (based on crushed tuff) 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

((
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Type of Distibution Value 
(or Range in Value) 

CONSTANT 
1.0 

LOGUNIFORM 
2.8E-7 1.7E-3 

CONSTANT 
1.0 

CONSTANT 
1.0 

CONSTANT 
1.0 

CONSTANT 
5.E-9 

CONSTANT 
4.E-9 

CONSTANT 
8.E-2 

UNIFORM 
0.0 0.4 

UNIFORM 
0.0 0.4 

UNIFORM 
0.0 0.4 

UNIFORM 
0.0 0.4

Parameter DesciptionParameter Name 

sol(12) 

sol(15) 

sol(16) 

sol(17) 

sol(18) 

sol(ll) 

sol(13) 

sol(14) 

funnel(i) 

funnel(2) 

funnel(3) 

funnel(4)

Basis for Parameter AssignmentModule 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC 

SOTEC

NUREG-1464
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Tc solubility [kg/m 3] 

Ni solubility [kg/m 3] 

C solubility [kg/m 3] 

Se solubility [kg/m 3] 

Nb solubility [kg/m 3] 

Sn solubility [kg/m31 

Zr solubility [kg/m 3] 

Sr solubility [kg/m 3] 

fluid capture area of canister [m2] 
(repository sub-area No. 1) 

fluid capture area of canister [m2] 
(repository sub-area No. 2) 

fluid capture area of canister [m 2] 
(repository sub-area No. 3) 

fluid capture area of canister [m2] 
(repository sub-area No. 4)

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Assumed 

Upper limit based on twice the cross
sectional area of SCP emplacement hole 
(see DOE, 1988b) 

Upper limit based on twice the cross
sectional area of SCP emplacement hole 
(see DOE, 1988b) 

Upper limit based on twice the cross
sectional area of SCP emplacement hole 
(see DOE, 1988b) 

Upper limit based on twice the cross
sectional area of SCP emplacement hole 
(see DOE, 1988b)
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Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0 

UNIFORM 
0.0

0.4 

0.4 

0.4 

10000.  

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0

funnel(5) 

funnel(6) 

funnel(7) 

time 

ul 

u2 

u3 

u4 

u5 

u6 

u7

SOTEC 

SOTEC 

SOTEC 

VOLCANO 

VOLCANO 

VOLCANO 

VOLCANO 

VOLCANO 

VOLCANO 

VOLCANO 

VOLCANO

NUREG-1464

fluid capture area of canister [m2] 
(repository sub-area No. 5) 

fluid capture area of canister [m2 1 
(repository sub-area No. 6) 

fluid capture area of canister [m 2] 
(repository sub-area No. 7) 

time of occurrence of volcanic 
event [yr] 

probabilities of intrusive magmatism 
(dike: 0.0-0.9) and extrusive 
magmatism (cone: 0.9-1.0) [ ] 

location scaling factor 
(dike Xo/cone Xcenter) [ ] 

location scaling factor 
(dike Y0/cone Ycenter) [ 

dike area scaling factor [ 

scaling factor for dike length 

scaling factor for dike angle [ 

scaling factor for radius of magma 
conduit of cone [ ] (minimum 
of 25 meters and maximum 
of 1"" 'eters) 

A-26

Upper limit based on twice the cross
sectional area of SCP emplacement hole 
(see DOE, 1988b) 

Upper limit based on twice the cross
sectional area of SCP emplacement hole 
(see DOE, 1988b) 

Upper limit based on twice the cross
sectional area of SCP emplacement hole 
(see DOE, 1988b) 

Assumed random over performance period 
(assumed constant probability) 

Assumed 

Assumed random over the simulation area 

Assumed random over the simulation area 

Assumed (see Section 6.5.3.2) 

Assumed (see Section 6.5.3.2) 

Assumed (see Section 6.5.3.2) 

Assumed (see Section 6.5.3.2) 

(
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7Tpe of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

nbore

radius

hit(1 through 27) 

Td(1 through 27) 

Regn(1 through 27)

DRILLO

DRILLO 

DRILLO 

DRILLO 

DRILLO

total number of boreholes drilled [ I

radius of borehole [m]

indicator for borehole No. 1 through 
No. 27 interception of a waste 
package [ ] (A minimum of 4 and 
a maximum of 27 hit indicators are 
used. A hit indicator is sampled 
separately for each borehole. The 
number of boreholes is determined 
by the sampled parameter nbore 
which ranges from 4 to 27.) 

time at which drilling occurs for 
boreholes No. 1 through No. 27 
[yr] (A minimum of 4 and a 
maximum of 27 hit indicators are 
used. A hit indicator is sampled 
separately for each borehole. The 
number of boreholes is determined 
by the sampled parameter nbore 
which ranges from 4 to 27.) 

repository region locator for 
boreholes No. 1 through No. 27 
[ ] (A minimum of 4 and a maxi
mum of 27 region locators are 
used. A region locator is sampled 
separately for~each borehole. The 
number of boreholes is deter
mined by the sampled parameter 
nbore which ranges from 4 
to 27.)

NORMAL 
4

NUREG-1464

(

27

UNIFORM 
0.02 

UNIFORM 
0.0 

UNIFORM 
100.0 

UNIFORM 
0.0

Poisson distribution centered around the 
number of drilling events calculated from 
U.S. Environmental Protection Agency 
Appendix B guidance (see EPA, 1993; 
58 FR 7936) 

Assumed based on current exploratory 
drilling practice 

See Section 6.3.4 

Time of drilling randomly occurs after 
institutional control (100 years) and before 
end of performance period (9900 years used 
as an upper limit to allow at least one time 
step over the 10,000 year performance period) 

Sampled value is compared to fraction of 
total area of each region to locate the 
borehole in one of the 7 repository sub-areas: 

sub-area 1 = 0.00 to 0.06: 
sub-area 2 = 0.06 to 0.33; 
sub-area 3 = 0.33 to 0.55; 
sub-area 4 = 0.55 to 0.68; 
sub-area 5 = 0.68 to 0.73; 
sub-area 6 = 0.73 to 0.96; and 
sub-area 7 = 0.96 to 1.00.

0.1

1.0 

9900.0 

1.0

A-27



Appendix A

Type of Distibution Value 
(or Range in Value) Parameter Name Module Parameter Desciption Basis for Parameter Assignment

comparitive number to determine 
whether a representative (they all fail 
or none fail) waste package is failed or 
not [ I (if "U" is less than the failure 
probability, the representative waste 
package is assumed to be failed,and 
thus all the packages are failed)

See Section 6.4.4
UNIFORM 
0.0 1.0

U SEISMO

(
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APPENDIX B 
HYDROLOGIC AND RADIONUCLIDE TRANSPORT DATA FOR THE 

GROUND-WATER PATHWAY

B-1 Introduction 

Parametric values for use in hydrologic flow and 
radionuclide transport models were based, when 
possible, on information published for the Yucca 
Mountain site. Hydrologic information was based 
primarily on Peters et al. (1984) and Klavetter and 
Peters (1986), whereas retardation information 
was based on Meijer (1990) and Thomas (1987).  
The following tables present the information used 
from these sources and the resulting ranges and 
distributions used in the current analysis: 

Table Information 

B-1 Hydrologic information reported 
from experimental and modeling 
studies.  

B-2-B-5 Sorption information from batch 
experiments on crushed tuff.  

B-6 Parametric values and ranges used 
to represent the ground-water 
pathway.  

B-7 Values for sorption coefficients 
(Kds).  

B-2 Table Information 

Table B-1 presents the hydrologic information 
from Peters et al. (1984) and Klavetter and Peters 
(1986), as well as parametric values used in 
modeling studies since the publication of the 
Peters report and information from the U.S.  
Department of Energy (DOE) Site Character
ization Plan (SCP) (DOE, 1988). To assist the 
correlation to the Yucca Mountain site, the bore
hole at the site associated with the information 
taken from Peters et aL is identified. Although the 
values reported from the various studies should 
only be interpreted based on the purpose for 
which the modeling was conducted, the values are 
presented to provide additional insights on 
differing interpretations of hydrologic properties

of unsaturated tuff being examined. One obvious 
conclusion is that more information is available 
on, and more studies have concentrated on, the 
repository unit (Topopah Spring), than on other 
units present at Yucca Mountain.  

Tables B-2 through B-5 present the information 
from Meijer (1990) used to develop the Kd values 
for individual hydrogeologic units present at 
Yucca Mountain (abbreviations used in Tables 
B-2 and B-3 and throughout the remainder of 
this appendix are as follows: the prefix JA 
indicates drill hole J-13; the prefix YM indicates 
drill hole UE25a-1; and the other abbreviations in 
the table are unambiguously labeled). A number 
of assumptions were used to derive the Kd values; 
therefore, a more detailed discussion of the 
interpretation and of the use of the data is given 
here. (The applicability of the Kd approach is not 
discussed here. See Section 4.4.2 for more infor
mation on the applicability of the Kd approach.) 

As discussed in Section 4.2.4, the retardation 
coefficients for each hydrogeologic unit are 
calculated using the following equation:

Rf = 1.0 + '0(1 -n) XKd 
0

(B-1)

where:

0 

P 
n

retardation factor; 
distribution coefficient; 
moisture content; 
grain density; and 
porosity.

The values for these parameters are specific to the 
five hydrogeologic units: Topopah Spring Member 
of the Paintbrush Tuff (Tpt); Calico Hills non
welded vitric (CHnv); Calico Hills nonwelded 
zeolitic (CHnz); Prow Pass Member of the Crater 
Flat Tuff (Tcp); and Bullfrog Member of the 
Crater Flat Tuff (Tcb). Experimental values (see 
Tables B-2 through B-5) were used to determine 
mean Kd values for a specific hydrogeologic unit, 
while, for certain elements and hydrogeologic 
units without data, Kd values were assigned,
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Table B-I Hydrologic Properties for Hydrogeologic Units at the Yucca Mountain Site Reported in Modeling Studies and 
Experimental Studies (Where appropriate, borehole identification labels are provided after the reference.) 

TIVA CANYON (Welded, Devitrified) 

Matrix Properties: 

Saturated 
Grain Density Residual Conductivity Alpha Reference (kg/m 3) Porosity Saturation (mn/yr) (1/rn) Beta 

Peters et al. (1984) 
[USW G4] 2490 0.08 0.002 3.1E-4 8.2E-3 1.56 

Peters et al. (1984) 
[USW GU3] 2480 - 2490 0.09 - 0.15 0.014 - 0.160 2.2E-5 - 8.5E-5 3.9E-3 - 2.3E-2 1.51 - 2.13 

Klavetter and 
Peters (1986) 2490 0.08 0.002 3.1E-4 8.2E-3 1.56 

Dudley et al. (1988) 2490 0.08 0.002 3.1E-4 8.2E-3 1.56 

Fracture Properties: 

Fracture Fracture Fracture Bulk 
Aperture Density Residual Conductivity Conductivity Alpha Reference (microns) (1/m3) Porosity Saturation (m/yr) (m/yr) (1/M) Beta 

Klavetter and 
Peters (1986) 6.7 20 1.4E-4 0.04 1.2E3 0.17 1.28 4.23 

Dudley et al.  
(1988) 6.7 20 1.4E-4 0.04 1.2E3 0.17 1.28 4.23

t'J
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Table B-1 (continued) 

PAINTBRUSH (Non-welded, Vitric) 

Matrix Properties: 

Saturated 
Grain Density Residual Conductivity Alpha 

Reference (kg/rm3) Porosity Saturation (m/yr) (1/m) Beta 

Peters et al. (1984) 

[USW G41 2450 0.65 0.105 75.6 1.6E-2 10.6 

Peters et al. (1984) 
[USW GU3] 2350 - 2440 0.40 - 0.59 0.084 - 0.114 11.0 - 50.4 l.1E-2 - 1.5E-2 2.53 - 8.88 

Klavetter and 
Peters (1986) 2350 0.40 0.100 12.3 1.5E-2 6.87 

Dudley et al. (1988) 2350 0.40 0.100 12.3 1.5E-2 6.87 

PAINTBRUSH (Non-welded, Vitric) 

Fracture Properties: 

Fracture Fracture Fracture Bulk 
Aperture Density Residual Conductivity Conductivity Alpha 

Reference (microns) (1/1m 3) Porosity Saturation (m/yr) (m/yr) (1/r) Beta 

Klavetter and 
Peters (1986) 27.0 1 2.7E-5 0.04 1.9E4 0.50 1.28 4.23) 

Dudley et al.  
(1988) 27.0 1 2.7E-5 0.04 1.9E4 0.50 1.28 4.23

0
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Table B-I (continued) 

TOPOPAH SPRING (Welded, Devitrified) 

Matrix Properties: 

Saturated 
Grain Density Residual Conductivity Alpha 

Reference (kg/rm3) Porosity Saturation (m/yr) (1/m) Beta 

Peters et al. (1984) 
[USW G4] 2470 - 2580 0.06 - 0.16 0.058 - 0.120 4.1E-5 - 1.2E-3 2.6E-3 - 1.2E-2 1.56 - 2.12 

Peters et al. (1984) 
[USW GU3] 2540 0.08 0.008 4.7E-5 1.2E-2 1.49 

Klavetter and 
Peters (1986) 2580 0.11 0.080 6.OE-4 5.7E-3 1.80 

BTang and Pruess (1987) 2580 0.11 0.080 6.OE-4 5.7E-3 1.80 
Dudley et al. (1988) 2580 0.11 0.080 6.OE-4 5.7E-3 1.80 
Pruess et al. (1990) 2550 0.10 9.6E-4 1.OE-2 7.OE-3 1.80 

Nitao and 
Buscheck (1991) 0.20 0.080 6.OE-4 -

Barnard and 
Dockery (1991) 2500 - 2570 0.06 - 0.12 0.0 - 0.15 1.6E-4 - 6.3E-4 4.OE-3 - 0.01 1.49 - 2.00 

DOE (1988; Table 3-27) 

Lab data 0.04 - 0.33 --- 1.1E-4 - 0.2 

Field data ---.--- 260. -.
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Table B-i (continued) 

TOPOPAH SPRING (Welded, Devitrified) 

Fracture Properties: 

Fracture Fracture Fracture Bulk 
Aperture Density Residual Conductivity Conductivity Alpha 

Reference (microns) (1/mrn) Porosity Saturation (mlyr) (mlyr) (1/m) Beta 

Peters et al. (1984) 
[USW G4] 6. - 67. - 1.1E3 - 1.2E5 

Klavetter and 
Peters (1986) 4.3 - 5.1 8 - 40 4.1E-5 - 1.8E-4 0.04 5.0E2 - 6.9E2 0.02 - 0.10 1.28 4.23 

Tsang and 
Pruess (1987) - - 1.8E-3 0.04 5.5 4.23 

Dudley et al.  
(1988) 4.3 - 5.1 8 - 40 4.1E-5 - 1.8E-4 0.04 5.0E2 - 6.9E2 0.02 - 0.10 1.28 4.23 

Pruess et al.  
(1990) 64.15 4.5 2.9E-4 -- 1.1E5 30.9 

Nitao and 
Buscheck (1991) 90. 22 -- 0.04 2.6E5 -- -- 

Bamard and 
Dockery (1991) 6. - 20. 5 - 10 3.OE-5 0.04 1.3E3 - 1.3E4 3.8E-2 - 2.5 1.28 4.23

6I

0
0ý
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Table B-I (continued) 

CALICO HILLS (Non-Welded, Vitric) 

Matrix Properties: 

Saturated 
Grain Density Residual Conductivity Alpha 

Reference (kg/rm3) Porosity Saturation (m/yr) (1/m) Beta 

Peters et al. (1984) 
[USW GU3] 2350 - 2370 0.43 - 0.46 0.020 - 0.048 .82 - 9.1 1.0E-2 - 4.4E2 1.50 - 4.20 

Klavetter and 
Peters (1986) 2370 0.46 0.041 8.5 1.6E-2 3.87 

Dudley et al. (1988) 2370 0.46 0.041 85 1.6E-2 3.87 

CALICO HILLS (Non-Welded, Vitric) 

Fracture Properties: 

Fracture Fracture Fracture Bulk 
Aperture Density Residual Conductivity Conductivity Alpha 

Reference (microns) (1/m3) Porosity Saturation (mr/yr) (m/yr) (1/m) Beta 

Peters et al. (1984) 
[USW G4] 22 -- 1.4E4 --

Klavetter and 
Peters (1986) 15.5 3 4.6E-5 0.04 6.3E3 0.29 1.28 4.23 

Dudley et al.  
(1988) 15.5 3 4.6E-5 0.04 6.3E3 0.29 1.28 4.23
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Table B-1 (continued) 

CALICO HILLS (Non-Welded, Zeolitic) 

Matrix Properties: 

Saturated 
Grain Density Residual Conductivity Alpha 

Reference (kg/m 3) Porosity Saturation (m/yr) (1/M) Beta 

Peters et al. (1984) 
[USW G4] 2230 - 2380 0.22 - 0.30 0.037 - 0.215 7.6E-7 - 5.OE-3 6.0E-4 - 6.0E3 1.46 - 3.32 

Klavetter and 
Peters (1986) 2230 0.28 0.110 6.3E-4 3.1E-3 1.60 

Dudley et al. (1988) 2230 0.28 0.110 6.3E-4 3.1E-3 1.60 

Barnard (1991) 2280 - 2320 0.23 - 0.36 0.0 - 0.15 2.2E-4 - 6.3E-4 2.OE-3 - 5.OE-3 1.37 - 1.65 

DOE (1988; ITble 3-27) 

Lab data --- 0.20 - 0.34 -- 1.5E-3 - 0.11 --

Field data ...... 180. --

CALICO HILLS (Non-Welded, Zeolitic) 

Fracture Properties: 

Fracture Fracture Fracture Bulk 
Aperture Density Residual Conductivity Conductivity Alpha 

Reference (microns) (1/m 3) Porosity Saturation (m/yr) (m/yr) (1/m) Beta 

Peters et al. (1984) 
[USW G4] 6 - 31 --- --- 9.8E2 - 2.5E4 

Klavetter and 
Peters (1986) 15.5 3 4.6E-5 0.04 6.3E3 0.29 1.28 4.23 

Dudley et al. (1988) 15.5 3 4.6E-5 0.04 6.3E3 0.29 1.28 4.23 
Barnard and 

Dockery (1991) 6.0 3 1.8E-5 0.04 9.4E2 0.02 1.28 4.23
0

C.
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Table B-1 (continued) 

PROW PASS (Welded, Devitrified) 

Matrix Properties: 

Saturated 
Grain Density Residual Conductivity Alpha 

Reference (kg/rm3) Porosity Saturation (m/yr) (1/r) Beta 

Peters et al. (1984) 
[USW G4] 2590 0.24 0.066 5.0E-2 - 4.4E-1 1.4E-2 2.64 

Peters et al. (1984) 
[USW GU3] 2570 - 2580 0.32 - 0.39 0.018 - 0.066 4.1E-2 - 2.2E-1 14E-2 - 3.1E-2 2.96 - 3.44 

Klavetter and 
Peters (1986) 2590 0.24 0.066 0.14 1.4E-2 2.64 

Dudley et al. (1988) 2590 0.24 0.066 0.14 1.4E-2 2.64 

Barnard and 
Dockery (1991) 2590 0.25 0.05 0.06- 1.6 1.OE-2 2.7 

DOE (1988; Table 3-27) 

Lab data -- 0.10 - 0.30 --- 2.2E-4 - 0.36 ----

Field data --- .. 36.0 - 5.3E2 --

Fracture Properties: 

Fracture Fracture Fracture Bulk 
Aperture Density Residual Conductivity Conductivity Alpha 

Reference (microns) (1/m3) Porosity Saturation (m/yr) (m/yr) (1/M) Beta 

Klavetter and 

Peters (1986) 4.16 3 1.3E-5 0.04 4.4E2 0.02 1.28 4.23 

Dudley et al. (1988) 4.16 3 1.3E-5 0.04 4.4E2 5.7E-3 1.28 4.23 

Barnard and 
Dockery (1991) 20. 3 6.OE-5 0.04 1.3E4 0.8 1.28 4.23

00
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Table B-1 (continued) 

Matrix Properties: 

Saturated 
Grain Density Residual Conductivity Alpha 

Reference (kg/mr3) Porosity Saturation (mr/yr) (1/m) Beta 

UPPER CRATER FLAT (Non-Welded, Zeolitic) 

Peters et al. (1984) 
[USW G4] 2240 - 2290 0.19 - 0.29 0.135 - 0.322 6.3E-4 - 1.4E-2 3.2E-3 - 4.5E-3 1.87 - 2.02 

BULLFROG (Welded, Devitrified) 

Peters (1984) [USW G4] 2620 -2630 0.24 - 0.27 0.056 -0.061 7.2E-2 - 2.0E-1 1.lE-2 - 2.9E-2 2.26 - 4.15 

DOE (1988; Table 3-27) 

Lab data 0.17 - 0.34 -- 1.1E-2 - 0.36 ......  

Field data -- 2.2 - 8.4E2 --- -

TRAM (Non-Welded) 

DOE (1988; Table 3-27) 

Lab data 0.18 - 0.26 --- 1.5E-3 - 0.15 --

Field data --- --- --- 2.5E-3 - 2.9E2 ---

�TI 
0 

0.
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Table B-3 Average Sorption Ratios (Distribution Coefficients) from Batch Sorption Experiments on Crushed Tuff for Strontium, 
Cesium, Barium, Radium, Cerium, and Europium (after Meijer, 1990) (The sorption ratio in parentheses represents the 
standard deviation of the mean.) 

Sorption Ratios (ml/g) 
Depth 

Unit Sample (ft) Sr Cs Ba Ra Ce Eu 

Tiva Canyon JA-8 606 270 (5) 2700 (400) 435 (15) 2100 (300) 
(Tpc) YM-5 251 280 (80) 5800 (800) 1100 (200) 450,000 (240,000) 2,300,000 (40,000) 

Pah Canyon G2-547 547 265 (10) 13,300 (1500) 3490 (30) 340 (30) 
(Tpp) G2-723 723 290 (40) 4100 (600) 3500 (400) > 10,000 

GU3-433 433 45 (9) 630 (20) 810 (100) 100 (14) 

Topopah Spring YM-22 848 53 (4) 290 (30) 900 (30) 1270 (40) 1390 (110) 
(Tpt) GU3-1203 1203 42 (1) 350 (30) 640 (40) 190(2) 

G1-1292 1292 200 (6) 430 (28) 2100 (300) 1500 (100) 66 (8) 140 (14) 
GU3-1301 1301 28 (4) 160 (40) 570 (60) 45 (12) 
YM-30 1264 260 (80) 855 (5) 3400 (1500) 230,000 (100,000) 160,000 (50,000) 
JA-18 1420 17,000 (3000) 16,000 (1000) 38,000 (18,000) 2800 (1400) 1400 (200) 

Calico Hills, G1-1436 1436 36,000 (3000) 7800 (500) 150,000 (24,000) 59,000 (7000) 30,000 (2000) 
tuffaceous beds G2-1952 1952 2200 (400) 63,300 (1100) 25,000 (4000) 89 (14) 
(Tht) 

Prow Pass G1-1854 1854 60,000 (14,000) 13,000 (2000) 45,000 (7000) 15,000 
(Tcp) YM-45 1930 195 (14) 520 (90) 1200 (100) 730 (100) 1600 (200) 

G1-1883 1883 22 (0.2) 187 (3) 183 (12) 1420 (20) 
YM-46 2002 190 (60) 840 (6) 14,000 (6000) 310,000 (110,000) 307,000 (110,000) 
G1-1982 1982 55 (4) 1120 (110) 700 (50) 560 (40) 970 (150) 
YM-48 2114 2100 (400) 9000 (4000) 18,000 (6000) 1400 (500) 2200 (500) 
YM-49 2221 3200 (300) 36,000 (3000) 42,000 (8000) 550 (100) 1200 (100) 
JA-26 1995 95 (35) 1500 (600) 800 (300)

(
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Table B-3 (continued) 

Sorption Ratios (mUg) 
Depth 

Unit Sample (fi) Sr Cs Ba Ra Ce Eu 

bedded tuff YM-38 1504 17,000 (2000) 13,000 (2000) 100,000 (10,000) 760 (140) 1600 (200) 

(bt) YM-42 1824 3900 (600) 17,000 (1000) 94,000 (14,000) 49,900 (7000) 52,000 (4000) 

Bullfrog JA-28 2001 94 (20) 1640 (210) 820 (50) 2100(1000) 

(Tcb) G1-2233 2233 48,000 (3000) 13,500 (800) 250,000 (30,000) 1400 (300) 900 (200) 

G1-2289 2289 7300 (500) 37,000 (13,000) 66,000 (9000) 46,000 (20,000) 797 (10) 
YM-54 2491 62 (12) 180 (40) 400 (150) 150 (40) 470 (40) 
G1-2333 2333 180 (20) 1400 (130) 1500 (200) 2300 (400) 
G1-2363 2363 64 (3) 470 (40) 235 (9) 540 (60) 730 (50) 

G1-2410 2410 169 (1) 1250 (50) 1780 440 (80) 

JA-32 2533 57 (3) 123 (4) 380 (30) 82 (14) 90 (20) 

G1-2476 2476 41(1) 700 (40) 385 (11) 3200 (100) 

Tram G1-2698 2698 42,000 (3000) 7700 (400) 63,000 (5000) 240 (30) 200 (30) 

(Tct) G1-2840 2840 860 (1) 2200 (200) 2070 (70) 4900 (400) 

G1-2854 2854 94 (1) 1080 (120) 1000 (50) 1300 (200) 

G1-2901 2901 68 (1) 1290 (110) 1600 (200) 42,000 (3000) 160,000 (50,000) 
G1-3116 3116 2400 (17) 6600 (500) 12,000 (4000) 100 (10) 760 (60) 
JA-37 3497 287 (14) 610 (40) 760 (150) 6000 (800) 

older tuffs 01-3658 3658 13,000 (0) 4950 (50) 13,500 (500) 1000 (200) 530 (40) 

(n) 
bedded tuff G2-3933 3923 240 (60) 2500 (1000) 1700 (500) 1500 (700) 

(Iba)
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Table B-3 (continued) 

Sorption Ratios (ml/g) 
Depth 

Unit Sample (ft) Sr Cs Ba Ra Ce Eu 

bedded tuff YM-38 1504 17,000 (2000) 13,000 (2000) 100,000 (10,000) 760 (140) 1600 (200) 
(bt) YM-42 1824 3900 (600) 17,000 (1000) 94,000 (14,000) 49,900 (7000) 52,000 (4000) 

Bullfrog JA-28 2001 94 (20) 1640 (210) 820 (50) 2100(1000) 
(Tcb) G1-2233 2233 48,000 (3000) 13,500 (800) 250,000 (30,000) 1400 (300) 900 (200) 

G1-2289 2289 7300 (500) 37,000 (13,000) 66,000 (9000) 46,000 (20,000) 797 (10) 
YM-54 2491 62 (12) 180 (40) 400 (150) 150 (40) 470 (40) 
G1-2333 2333 180 (20) 1400 (130) 1500 (200) 2300 (400) 
G1-2363 2363 64 (3) 470 (40) 235 (9) 540 (60) 730 (50) 
G1-2410 2410 169 (1) 1250 (50) 1780 440 (80) 
JA-32 2533 57 (3) 123 (4) 380 (30) 82 (14) 90 (20) 
G1-2476 2476 41(1) 700 (40) 385 (11) 3200 (100) 

Tram G1-2698 2698 42,000 (3000) 7700 (400) 63,000 (5000) 240 (30) 200 (30) 
(TIt) G1-2840 2840 860 (1) 2200 (200) 2070 (70) 4900 (400) 

G1-2854 2854 94 (1) 1080 (120) 1000 (50) 1300 (200) 
G1-2901 2901 68 (1) 1290 (110) 1600 (200) 42,000 (3000) 160,000 (50,000) 
G1-3116 3116 2400 (17) 6600 (500) 12,000 (4000) 100 (10) 760 (60) 
JA-37 3497 287 (14) 610 (40) 760 (150) 6000 (800) 

older tuffs G1-3658 3658 13,000 (0) 4950 (50) 13,500 (500) 1000 (200) 530 (40) 
(T1) 

bedded tuff G2-3933 3923 240 (60) 2500 (1000) 1700 (500) 1500 (700) 
CIba)
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Table B-4 Average (De)Sorption Ratios (Distribution Coefficients) from Batch Sorption Experiments on Crushed Tuff for 
Strontium, Cesium, Barium, Radium, Cerium, and Europium (after Meijer, 1990) (The sorption ratio in parentheses 
represents the standard deviation of the mean.) 

(De) Sorption Ratios (mUg) 
Depth 

Unit Sample (f0) Sr Cs Ba Ce Eu 

Tiva Canyon JA-8 606 311 (3) 4600 (400) 480 (50) 10,000 (3000) 

(Tpc) YM-5 251 320 (30) 8900 (600) 1200 (120) 31,000 (30,000) 36,000 (14,000) 

Pah Canyon G2-547 547 210 (10) 8700 (550) 2900 (200) 1700 (600) 
(rpp) G2-723 723 330 (4) 4300 (4) 4200 (10) > 10,000 

GU3-433 433 40 (10) 520 (20) 460 (20) 140 (10) 

Topopah Spring YM-22 848 59 (2) 365 (7) 830 (100) 6500 (800) 3500 (200) 

(Tpt) GU3-1203 1203 47 (1) 340 (10) 720 (30) 650 (50) 
G1-1292 1292 120 (5) 510 (20) 1500 (100) 600 (200) 600 (70) 
GU3-1301 1301 80 (20) 185 (20) 675 (60) 100 (20) 
YM-30 1264 210 (30) 1500 (100) 3100 (600) 170,000 (15,000) 11,000 (700) 
JA-18 1420 15,000 (2000) 17,500 (700) 280,000 (50,000) 1600 (500) 2400 (300) 

Calico Hills, G1-1436 1436 87,000 (12,000) 24,000 (2000) 340,000 (90,000) 6700 (600) 5300 (600) 
tuffaceous beds G2-1952 1952 4200 (200) 46,000 (1400) 40,000 (1000) 1600 (200) 
(Mht) YM-38 1540 22,000 13,000 260,000 2600 7300 

YM-42 1842 4100 (1000) 21,000 (2000) 90,000 44,000 (5000) 64,000 (3000) 

older tuffs Gl-3658 3658 12,000 (3000) 12,000 (2000) 10,000 (4000) 9000 (4000) 9000 (3000) 
(Ti) 

Prow Pass G1-1854 1854 72,000 (13,000) 14,000 (2000) 150,000 (40,000) 4800 (700) 

(Tcp) YM-45 1930 210 (20) 620 (110) 1310 (60) 5800 (600) 7300 (900) 
G1-1883 1883 59 (1) 430 (4) 440 (10) 2200 (100) 1350 (50) 
YM-46 2002 260 (20) 1800 (300) 210,000 (3000) 300,000 (50,000) 31,000 (2000) 
G1-1982 1982 322 (8) 2300 (200) 2780 (120) 7000 (800) 6370 (130) 
YM-48 2114 2700 (200) 27,000 (4000) 34,000 (7000) 128,000 (300) 8100 (1200) 
YM-49 2221 4400 (100) 39,000 (1000) 65,000 (7000) 1040 (40) 2100 (500) 
JA-26 1995 39 (3) 1580 (90) 450 (13) 2900 (200)

1*11 2t 
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Table B-4 (continued) 

(De)Sorption Ratios (ml/g) Depth 
Unit Sample (00) Sr Cs Ba Ce Eu 

Bullfrog JA-28 2001 114 (3) 2400 (100) 1160 (20) 12,300 (500) 
('Tb) G1-2233 2233 90,000 (40,000) 23,000 (6000) 240,000 (80,000) 20,000 (13,000) 5000 (2000) 

YM-54 2491 97 (9) 310 (20) 660 (20) 1000 (200) 1840 (110) 
G1-2333 2333 140 (13) 1230 (100) 1460 (130) 9900 (1200) 
G1-2363 2363 150 (6) 1200 (30) 820 (20) 130,000 (6000) 6100 (200) 
G1-2410 2410 140 (14) 1120 (100) 1760 (150) 6000 (3000) 
JA-32 2533 53 (3) 175 (11) 490 (40) 530 (120) 850 (130) 
G1-2476 2476 200 (40) 1520 (0) 

Tram G1-2698 2698 210,000 (50,000) 17,000 (1100) 190,000 (80,000) 2000 (400) 
(Tct) G1-2840 2840 1540 (4) 2300 (130) 2500 (200) 9000 (1100) 

G1-2854 2854 96 (1) 1160 (20) 1330 (0) 5000 (200) 
G1-2901 2901 67 (1) 1380 (30) 1980 (30) 39,000 (1000) 210,000 (50,000) 
G1-3116 3116 24,000 (13,000) 11,000 (3000) 160,000 (80,000) 3000 (1000) 8000 (3000) 
JA-37 3497 312 (9) 850 (50) 920 (40) 11,000 (2000) 

bedded tuff G2-3933 3933 140 (20) 1400 (350) 1100 (200) 3000 (1100) 
Ciba)
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Table B-5 Average (De)Sorption Ratios (Distribution Coefficients) from Batch Sorption Experiments on Crushed Tuff for 

Americium, Plutonium, Uranium, Technetium, and Neptunium (after Meijer, 1990) (The sorption ratio in parentheses 

represents the standard deviation of the mean.) 

(De)Sorption Ratios (mUg) 
Depth 

Unit Sample (ft) Am Pu U Tc Np 

Pah Canyon G2-547 547 17,000 (1400) 1200 (170) 

(Tpp) 02-723 723 2.8x106 (26,000) > 4700 
GU3-433 433 9300 (1780) 920 (40) 

Topopah Spring YM-22 848 2500 (400) 1330 (140) 5 (2) 1.2 (0.3) 33 (5) 

(pt) GU3-1203 1203 1300 (200) 920 (15) 
G1-1292 1292 0 

GU3-1301 1301 2500 (600) 1300 (460) 
JA-18 1420 1100 (300) 350 (140) 9.4 (1.4) 

Calico Hills, G2-1952 1952 5800 (1100) 350 (45) 15(2) 

tuffaceous beds YM-38 1540 7100 (1200) 1600 (300) 4.8 (1.0) 24 (2) 

(Tht) 

Prow Pass G1-1883 1883 7200 (900) 890 (60) 36 (10) 

(Tcp) G1-1982 1982 4.1 
YM-48 2114 1.6 (0.2) 

YM-49 2221 3400 (400) 720 (90) 2.0 (0.3) 12 (4) 

Bullfrog G1-2233 2233 8 (2) 

(Tcb) YM-54 2491 550 (80) 720 (40) 12 (8) 
JA-32 2533 2200 (600) 8 (2) 
G1-2476 2476 1.5 (0.2) 

Tram G1-3116 3116 1.7 (0.3) 

(Tct) JA-37 3497 32,000 (10,000) 1400 (300) 9.9 (0.4) 170 (50) 

bedded tuff G2-3933 3933 12,000 (410) 530 (130) 0 

(Iba)

41



Appendix B

based on chemical similarity to other measure
ments. When KY values could still not be 
assigned, Kd values were taken from the Iterative 
Performance Assessment (IPA) Phase 1 report 
(see Codell et al., 1992; p. 56). In the sensitivity 
analysis (described in Chapter 8), the IPA Phase 2 
effort assumed that the distribution of Kd values 
was log-uniform. For such a distribution, the 
sampling procedure used required setting the 
upper and lower bounds of the parameter range.  
The upper and lower bounds of the distribution 
were crudely estimated to be plus or minus one 
order of magnitude about the mean (the support 
for this assignment was derived from DOE's 1988 
SCP, where the range of Kd values for Sr and Cs 
varies over two orders of magnitude for different 
locations in drill hole Gi). A mean Kd value was 
derived from the Meijer (1990) and Thomas (1987) 
data by averaging the logs of the reported 
experimental values. The mean Kd values, thus 
calculated, are as follows for the following hydro
geologic units: 

1I (m 3 lkg) 

Element Tpt CHnv CHnz Tcp Tcb 

Am .810 .810 1.7 4.5 .140 
Pu .170 .170 .066 .130 .094 
U .0002 .020 .001 0.0 .002 
Se .0026 .003 .0045 .0025 .013 
Tc .000013 0.0 0.0 .00017 .0042 
Np .0045 .0045 .0027 .0051 .0051 
Sr .08 .034 8.9 .450 .280 
Cs .36 .24 22.0 2.2 3.2 
Ba 1.2 .6 61.0 3.9 1.1 
Ra 1.5 1.5 1.5 1.5 5.0 
Th .470 .340 
Sn .230 .660 

The experimental Kd values taken from Meijer 
(1990) and Thomas (1987) were determined using 
crushed tuff from various drill holes and water, 
from Well J-13, which was "spiked" with a 
particular radionuclide. A brief description of the

procedure and information used to derive the 
mean Kd values is presented below: 

Am The Kd in the Topopah Spring unit (Tpt) is 
a log average of the values from experi
ments using crushed tuff recovered from 
drill holes J-13, G-3, and UE25a-1. The Kd 
in the Calico Hills nonwelded vitric unit 
(CHnv) is estimated to be the same as the 
Topopah Spring. Glassy units should have 
low sorption capability. The single value 
reported from the experiment using crushed 
tuff from drill hole G-2 is assumed to 
represent the mean value of the Kd in the 
Calico Hills nonwelded zeolitic unit (CHnz).  
For the Prow Pass unit (Tep), the Kd is 
again the log average of the values from 
wells G1 and UE25a-1. The Kd in the Bull
frog unit (Tcb) is the log average of the 
values from experiments using crushed tuff 
recovered from drill holes J-13 and 
UE25a-1.  

Pu The Kd in the Topopah Spring unit is the 
log average of the values from experiments 
using crushed tuff recovered from drill 
holes UE25a-1, G-3, and J-13. The Kd in 
the Calico Hills nonwelded vitric is esti
mated to be the same as the Topopah 
Spring unit. The single value reported from 
the experiment using crushed tuff from drill 
hole G-2 is assumed to represent the mean 
value of the Kd for the Calico Hills non
welded zeolitic unit. The Prow Pass unit Kd 
is the log average of the values from experi
ments using crushed tuff recovered from 
drill holes G-1 and UE25a-1. The Bullfrog 
unit Kd is the log average of the values from 
experiments using crushed tuff recovered 
from drill holes J-13 and UE25a-1.  

U The Kd in the Topopah Spring unit is the 
log average of the values from experiments 
using crushed tuff recovered from drill 
holes UE25a-1, G-3, and J-13. The single 
value reported from the experiment used 
crushed tuff recovered from drill hole G-3 
is assumed to represent the Kd in the Calico 
Hills nonwelded vitric unit. Figures B-1 
through B-4 from the SCP (see DOE, 19N& 
illustrate where the zeolitic beds are located.  
The Kd value in the Calico Hills nonwelded

NUREG-1464 B-16
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Appendix B

zeolitic unit is a log average of the values 
from experiments using crushed tuff 
recovered from drill holes G-1 and G-2.  
The Kd in the Prow Pass unit is assumed to 
be zero, even though no data are available.  
The Kd in the Bullfrog unit is the log aver
age of the values from experiments using 
crushed tuff recovered from drill holes G-1, 
J-13, and UE25a-1.  

Se The Kd in the Topopah Spring unit is the 
log average of the values from experiments 
using crushed tuff recovered from drill hole 
G-3. The single value reported from the 
experiment used crushed tuff recovered 
from drill hole G-3 is assumed to represent 
the mean value of the Kd in the Calico Hills 
nonwelded vitric unit. The Kd value in the 
Calico Hills nonwelded zeolitic unit is the 
average of the values from experiments us
ing crushed tuff recovered from drill holes 
G-1 and G-2. The single value reported 
from the experiment used crushed tuff 
recovered from drill hole G-1 is assumed to 
represent the Kd in the Prow Pass unit. The 
Kd in the Bullfrog unit is the log average of 
the values from experiments using crushed 
tuff recovered from drill hole G-1.  

Tc The Kd in the Topopah Spring unit is the 
log average of the values from experiments 
using crushed tuff recovered from drill 
holes UE25a-1 and G-3. In the absence of 
information, the Kjds in the Calico Hills 
units are assumed to be zero. The Kd in the 
Prow Pass unit is the log average of the 
values from experiments using crushed tuff 
recovered from drill hole J-13. The single 
value from the experiment used crushed tuff 
recovered from drill hole UE25a-1 is 
assumed to represent the mean of the Kd in 
the Bullfrog unit.  

Np The Kd in the Topopah Spring unit is a log 
average of the values from experiments 
using crushed tuff recovered from drill 
holes G-3 and UE25a-1. The Kd in the 
Calico Hills nonwelded vitric unit is esti
mated to be the same as the Topopah 
Spring unit. The single value reported from 
the experiment using crushed tuff from drill 
hole G-2 is assumed to represent the mean 
value of the Kd in the Calico Hills non-

welded zeolitic unit is assumed to represent 
the mean. For the Prow Pass unit, the Kd is 
the log average of the values from experi
ments using crushed tuff recovered from 
drill holes G1 and UE25a-1. The Kd in the 
Bullfrog unit is assumed to the same as the 
value in the Prow Pass unit.  

Sr The Kd in the Topopah Spring unit is a log 
average of the values from experiments us
ing crushed tuff recovered from drill holes 
G-3, G-1, and UE25a-1. The Kd in the 
Calico Hills nonwelded vitric unit is based 
on the log average of the values from well 
G-3 for the Topopah Spring unit. The Kd 
value in the Calico Hills nonwelded zeolitic 
unit is the log average of the values from 
experiments using crushed tuff recovered 
from drill holes G-1 and G-2. For the Prow 
Pass unit, the Kd is the log average of the 
values from experiments using crushed tuff 
recovered from drill holes G1, J-13, and 
UE25a-1. For the Bullfrog unit, the Kd is 
the log average of the values from experi
ments using crushed tuff recovered from 
drill holes G1, J-13, and UE25a-1.  

Cs The Kd in the Topopah Spring unit is a log 
average of the values from experiments 
using crushed tuff recovered from drill 
holes G-3, G-1, and UE25a-1. The Kd in 
the Calico Hills nonwelded vitric unit is 
based on the log average of the values from 
experiments using crushed tuff recovered 
from drill hole G-3 for the Topopah Spring 
unit. The Kd value in the Calico Hills 
nonwelded zeolitic unit is the log average of 
the values from experiments using crushed 
tuff recovered from drill holes G-1 and 
G-2. For the Prow Pass unit, the Kd is the 
log average of the values from experiments 
using crushed tuff recovered from drill 
holes G1, J-13, and UE25a-1. For the 
Bullfrog unit, the Kd is the log average of 
the values from experiments using crushed 
tuff recovered from drill holes G1, J-13, and 
UE25a-1.  

Ba The Kd in the Topopah Spring unit is a log 
average of the values from experiments 
using crushed tuff recovered from drill 
holes G-3, G-1, and UE25a-1. The Kd in 
the Calico Hills nonwelded vitric unit is 
based on the log average of the values from
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experiments using crushed tuff recovered 
from drill hole G-3, for the Topopah Spring 
unit. The Kd value in the Calico Hills 
nonwelded zeolitic unit is the log average of 
the values from experiments using crushed 
tuff recovered from drill holes G-1 and 
G-2. For the Prow Pass unit, the Kd is the 
log average of the values from experiments 
using crushed tuff recovered from drill 
holes G1, J-13, and UE25a-1. For the 
Bullfrog unit, the Kd is the log average of 
the values from experiments using crushed 
tuff recovered from drill holes G1, J-13, and 
UE25a-1.  

Ra The single value from the experiment used 
crushed tuff recovered from drill hole G-1 
is assumed to represent the mean of the Kd 
for the Topopah Spring unit. The Kds for 
the Calico Hills and Prow Pass units are 
assumed to be the same as the value used 
for the Topopah Spring unit. The Kd for the 
Bullfrog unit is the log average of the values 
from experiments using crushed tuff 
recovered from drill hole G-1.  

Th The Kd values are taken from Thomas 
(1987) from experiments using crushed tuff 
recovered from drill hole G-1.  

Sn The Kd values are taken from Thomas 
(1987) from experiments using crushed tuff 
recovered from drill hole G-1.  

The Kd in the fractures is assumed to be zero, 
because of the conceptualization that flow will be 
fast relative to the rates of the sorption reactions.  
This is the same approach as proposed in DOE's 
1988 SCR 

Table B-6 presents the distributions and the 
ranges used for representing the hydrologic 
parameters of the ground-water pathway. Table 
B-7 presents the Kd values used for each of the 
elements and hydrogeologic units used in the 
analysis. Section 4.2.3 and Appendix A provide 
additional information on the approaches and 
sources of information used to derive the various 
hydrologic and transport parameters used in the 
IPA Phase 2 analysis.
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Table B-6 Hydrogeologic parameteric values and ranges used for the ground-water pathway

Distribution Range Description

Porosity of Matrix 

uniform .06 - .16 
uniform .33 - .56 
uniform .20 - .33 
uniform .24 - .40 
uniform .18 - .30 
uniform .19 - .32

Topopah Spring, welded 
Calico Hills, non-welded vitric 
Calico Hills, non-welded zeolitic 
Prow Pass, welded 
Upper and Middle Crater Flat, non-welded 
Bullfrog, welded

Saturated Conductivity (mmlyr) and Permeability [m2] of Matrix

0.11-36.  
1.2E2 - 6.1E3 
0.004 - .20 
58. - 300.  
1.6 - 4.6 
110.- 140.  
1.3 - 4.8

[3.6E-19 - 1.2E-18] 
[3.9E-15 - 2.OE-14] 
[1.3E-20 - 6.7E-191 
[1.9E-16 - 9.6E-16] 
[5.1E-18 - 1.5E-17] 
[3.5E-16 - 4.4E-16] 
[4.1E-18 - 1.6E-17]

Topopah Spring, welded 
Calico Hills, non-welded vitric 
Calico Hills, non-welded zeolitic 
Prow Pass, welded 
Upper Crater Flat, non-welded 
Bullfrog, welded 
Middle Crater Flat, non-welded

van Genuchten Alpha Parameter, for Matrix (l1m) 

constant .006 
constant .016 
constant .003 
constant .014 
constant .004 
constant .02 

van Genuchten Beta Parameter, for Matrix 
uniform 1.4 - 2.2 
uniform 1.5 - 4.9 
uniform 1.2 - 3.3 
uniform 2.0 - 3.4 
uniform 1.5 - 2.4 
uniform 2.3 - 4.2 

Grain Density for Matrix (kg/m3) 

constant 2580 
constant 2370 
constant 2230 
constant 2590 
constant 2270 
constant 2630

Topopah Spring, welded 
Calico Hills, non-welded vitric 
Calico Hills, non-welded zeolitic 
Prow Pass, welded 
Upper and Middle Crater Flat, non-welded 
Bullfrog, welded 

Topopah Spring, welded 
Calico Hills, non-welded vitric 
Calico Hills, non-welded zeolitic 
Prow Pass, welded 
Upper and Middle Crater Flat, non-welded 
Bullfrog, welded 

Topopah Spring, welded 
Calico Hills, non-welded vitric 
Calico Hills, non-welded zeolitic 
Prow Pass, welded 
Upper and Middle Crater Flat, non-welded 
Bullfrog, welded
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lognormal 
lognormal 
lognormal 
lognormal 
lognormal 
lognormal 
lognormal

B-24



Appendix B

Table B-6 (continued)

Description

Porosity of Fracture 

constant 4.1E-5 Topopah Spring, welded 

constant 4.6E-5 Calico Hills, non-welded vitric 

constant 4.6E-5 Calico Hills, non-welded zeolitic 

constant 1.3E-5 Prow Pass, welded 

constant 4.6E-5 Upper and Middle Crater Flat, non-welded 

constant 1.3E-5 Bullfrog, welded 

Saturated Conductivity (mmlyr) and Permeability [m 2] of Fractures

lognormal 
lognormal 
lognormal 
lognormal 
lognormal 
lognormal

34. - 59.  
170. - 370.  
190. - 310.  
12. - 25.  
210. - 300.  
15. -20.

[1.1E-16 - 1.9E-16] 
[5.6E-16 - 1.2E-15] 
[6.2E-16 - 9.9E-16] 
[3.9E-17 - 8.1E-17] 
[6.7E-16 - 9.8E-16] 
[4.9E-17 - 6.4E-17]

van Genuchten Alpha Parameter, for Fracture (1/rm) 

constant 1.3 
constant 1.3 
constant 1.3 
constant 1.3 
constant 1.3 
constant 1.3 

van Genuchten Beta Parameter, for Fracture 

uniform 3.2 - 5.3 
uniform 3.2 - 5.3 
uniform 3.2 - 5.3 
uniform 3.2 - 5.3 
uniform 3.2 - 5.3 
uniform 3.2 - 5.3

Topopah Spring, welded 
Calico Hills, non-welded vitric 
Calico Hills, non-welded zeolitic 
Prow Pass, welded 
Upper and Middle Crater Flat, non-welded 1 

Bullfrog, welded 2 

Topopah Spring, welded 
Calico Hills, non-welded vitric 
Calico Hills, non-welded zeolitic 
Prow Pass, welded 
Upper and Middle Crater Flat, non-welded 
Bullfrog, welded 

Topopah Spring, welded 
Calico Hills, non-welded vitric 
Calico Hills, non-welded zeolitic 
Prow Pass, welded 
Upper and Middle Crater Flat, non-welded 
Bullfrog, welded

Infiltration Rate (mmlyr) 

loguniform 0.1 - 5.0 
loguniform 5.0- 10.  

Dispersivity (m)

normal .3 - 30.

Discharge Area (m 2) 

uniform 3.75E4 - 3.75E5 
1Values are representative of Calico Hills, 
2Values are representative of Prow Pass.

base case 
pluvial case 

dispersivity for all units 

discharge area for all regions
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Table B-7 Matrix Kd Values (in cubic meters per kilogram) for Selected Radionuclides for the Hydrogeologic Units of Interest 
(Suggested ranges are assumed to + /- one order of magnitude, a loguniform distribution is assumed for all. Where 
no values are present, a Kd of zero is assumed. Values in parentheses are derived from Codell et al., 1992.) 

Hydrogeologic Unit 

Calico Hills 
Topopah Upper and Middle Element Spring vitiric zeolitic Prow Pass Crater Flat1  Bullfrog 

Cm (0.45) (3.28) (1.66) (1.16) (1.32) (1.20) 
Pu 0.17 0.17 0.066 0.13 0.053 0.094 
U 0.0002 0.02 0.001 0.0008 0.002 
Am 0.81 0.81 1.7 4.5 1.36 0.14 
Np 0.0045 0.0045 0.0027 0.0051 0.0022 0.0051 
Th (0.048) (0.34) (0.17) (0.12) (0.14) (0.13) 
Ra 1.5 1.5 1.5 1.5 1.2 5.0 
Pb (0.0068) (0.049) (0.025) (0.017) (0.020) (0.018) 
Cs 0.36 0.24 22.0 2.2 17.6 3.2 
I ....  

Sn (0.134) (0.97) (0.49) (0.34) (0.39) (0.35) 
Tc 0.00001 0.00017 0.0042 
Zr (0.0048) (0.034) (0.017) (0.012) (0.014) (0.013) 
Sr 0.08 0.034 8.9 0.45 7.1 0.28 
Ni (0.0037) (0.027) (0.014) (0.009) (0.011) (0.010) 
C 
Se 0.0026 0.003 0.0045 0.0025 0.0036 0.013 
Nb 

'Values determined are based on Calico Hills zeolitic values, and allowances are made for differences in porosity and density.


