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EXECUTIVE SUMMARY

"•- During Fiscal Year (FY) 1991 and FY 1992, SNL and Battelle Pacific Northwest Laboratory 
were assigned the responsibility to generate initial TSPAs of the Yucca Mountain site. The 
analyses performed by these organizations (called TSPA-1991) are reported in Barnard et al.  
(1992) and Eslinger et al. (1993). During this same time period, Golder Associates Inc. was 
assigned the task of generating a model capable of analyzing the total system performance of a 
high-level radioactive waste repository. The developed model, called RIP, is documented in 
Kossik and Hachey (1993), Miller et al. (1993), and Golder Associates Inc. (1993).  

In FY 1993, the CRWMS M&O Contractor was assigned the responsibility to plan, coordinate, 
and contribute to the second iteration of TSPA-2. Prior to initiating the next TSPA iteration, it 
was decided that it would be valuable to evaluate the applicability of RIP for use in this iteration.  
Therefore, analyses were conducted to compare the results generated by RIP to those reported 
in TSPA-1991. In particular, the aim was to generate a RIP input data set as equivalent as 
possible to that documented in Barnard et al. (1992) and to analyze the total system performance 
(as well as the performance of the individual subsystem components of the waste 
package/Engineered Barrier System (EBS), unsaturated gaseous flow and transport, unsaturated 
aqueous flow and transport, saturated flow and transport, and disruptive processes/events). The 
performance measure for comparison with the results of TSPA-1991 is the cumulative release of 
radionuclides to the accessible environment over a 10,000-year period following closure 
normalized to the U.S. Environmental Protection Agency (EPA) release limits specified in 
40 CFR 191.  

While the main goal of this study is to "test" the ability of RIP to be used for future total system 
performance assessment iterations, it has the added benefit of "testing" the results presented in 
TSPA-1991 (Barnard et al., 1992). The approach used to approximate the individual subsystem 
components in RIP is sufficiently different from that used in TSPA-1991 (in particular, for the 
waste package/EBS and unsaturated aqueous flow and transport), that exercising RIP produces 
an independent "verification" of the TSPA-1991 results given the same conceptualizations and 
input data assumptions are used.  

We have based our abstraction on the TSPA-1991 document prepared by SNL staff and 
contractors (Barnard et al., 1992). We have chosen the representations presented in TSPA-1991 
because they describe the broad spectrum of domains likely to be required in any assessment of 
total system performance. As a result of the abstracted nature of the TSPA-1991 conceptual 
models and parameters, developing an equivalent RIP data set proved to be relatively 
straightforward. Once an initial RIP data set was created from the conceptual descriptions and 
parameter values provided in the TSPA-1991 document, we "tested" each individual domain to 
determine our ability to reproduce the TSPA-1991 results. In some instances this was a direct 
comparison with conditional Complementary Cumulative Distribution Functions (CCDFs) or some 
other measure of domain performance. In other cases, we ran expected values from the 
parameter distributions and compared time releases (in Ci/yr) at particular boundaries of the 
system (for example, the host rock at the edge of the EBS). Following the "test" of each domain, 
we conducted additional sensitivity analyses on individual domains as well as the combination 

" 'of domains. These sensitivity analyses consisted of one-at-a-time sampling from parameter
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distributions and conceptual model variations to determine the impact on the results. In order 

to gain additional insights on system and domain behavior, we also created scatter plots of the 

sampled input parameter versus the dependent variable (generally, the cumulative release to some 

boundary).  

The principal differences between TSPA- 1991 and our implementation of the same data set using 
RIP are enumerated below: 

" RIP input has to be simplified to mimic the treatment of radionuclide inventories and 
solubilities adopted in TSPA-1991. RIP allows complete chains to be specified and 
tracked and allows for partitioning between radionuclides which compete for 
solubility-limited releases.  

"* Diffusive releases in RIP are assumed to be steady-state.  

" RIP can approximate fracture-matrix coupling by a Markovian process, which requires 
definition of a Markov transition rate. Such an approach does not reproduce 
dispersive mass transport.  

" Future states are simulated directly in RIP. We have conducted conditional 
simulations for comparison to TSPA-1991 by using the importance sampling option 
in RIP.  

The following items summarize the principal results of the comparison between RIP and TSPA
1991: 

" RIP has been successfully used to approximate the relevant processes in TSPA- 1991, 
including the waste package failure rate, waste form alteration, radionuclide release 
and radionuclide transport to the accessible environment.  

" The TSPA-1991 results for release from the waste package are higher than RIP for 
solubility-limited radionuclides and lower for alteration-limited radionuclides.  

" The TSPA-1991 CCDF for release from the EBS is slightly higher than calculated by 
RIP. This discrepancy may be due to slight differences in the waste package failure 
distribution and solubilities used in RIP and TSPA-1991.  

" Slight differences in RIP and TSPA-1991 results for gaseous releases to the accessible 
environment are likely due to small differences in the waste package failure 
distribution and the time-stepping algorithm used in RIP to approximate the 
breakthrough curve.  

" Differences between RIP and TSPA-1991 exist in the analysis of aqueous releases 
from the unsaturated zone when the Markovian multi-mode transport algorithm is 
used. For representative Markov transition rates (about I/L, where L is the layer 
thickness), good agreement exists. When the matrix flow layers are treated as single
mode transport units in RIP, good agreement also exists.
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"• RIP reproduces the saturated zone radionuclide transport presented in TSPA-1991.  

"• RIP reproduces the volcanic and human intrusion scenarios presented in TSPA-1991.  

Based on the experience gained in this study, we feel confident that the RIP approach is a viable 

method for use in future iterations of total system performance assessment. Its advantages 

(notably, flexibility in handling numerous types of functional relationships) far outweigh the 

simple representations required to make the model efficient for multiple realizations (in particular, 

the Markovian approximation of multi-mode transport and the temporal approximation of 

theoretical breakthrough curves). The flexibility of the RIP approach should be used to 

advantage in the next TSPA iteration (TSPA-II) to account for temperature dependencies on water 

contact mode, waste package failure, waste form alteration and dissolution, radionuclide 

mobilization (solubility), the percent of water in contact with the waste, and the gaseous and 

aqueous phase velocities. These dependencies should be derived from expert judgment or more 

detailed process-oriented modeling.
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1. INTRODUCTION

"Yucca Mountain, Nevada is currently being characterized to determine its suitability as a potential 
site for a mined geologic repository for the permanent disposal of high-level radioactive waste.  
An important component in the determination of the suitability of Yucca Mountain is the 
prediction of the ability of the geologic and engineered barriers to contain and isolate the 
radioactive wastes. Performance Assessments (PAs) are conducted to evaluate the ability of the 
site as well as the repository and waste package designs to meet regulatory criteria. The post
closure regulatory criteria include the cumulative radionuclide release from the total system 
specified by the U.S. Environmental Protection Agency (EPA) in 40 CFR Part 191', and the 
Nuclear Regulatory Commission (NRC) criteria for the geologic setting (10 CFR 60.113 (a)(2)), 
the Engineered Barrier System (EBS) (10 CFR 60.113 (a)(1)(ii)(B)), and the waste package (10 
CFR 60.113 (a)(1)(ii)(A)). The total system performance assessment combines the effects of the 
waste package, other engineered barriers, and the site to determine the release of radionuclides 
to the accessible environment due to all significant processes and events.  

Several Total System Performance Assessments (TSPAs) have been conducted to provide 
preliminary indications of the likelihood that the proposed Yucca Mountain site and designs 
proposed for this site will meet the EPA regulatory requirements. The NRC staff completed a 
Phase 1 Iterative Performance Assessment in 1990. Electrical Power Research Institute (EPRI) 
completed a Phase 1 Total System PA in 1990 and a Phase 2 evaluation in 1992. Pacific 
National Laboratories (PNL) completed an initial assessment in 1988 (Doctor et al., 1992).  
Recent assessments have been performed by Sandia National Laboratories (SNL) (Barnard et al., 

'• 1992) and PNL (Eslinger et al., 1993). The recent assessment by SNL is called Total System 
Performance Assessment -1991 (TSPA-1991). These analyses use different levels of detail to 
describe the processes that affect total system performance.  

Beginning in Fiscal Year 1993, the Management and Operating Contractor (M&O) for the 
Civilian Radioactive Waste Management System (CRWMS) was given the responsibility to plan, 
coordinate, and manage the next iteration of total system performance assessment for the Yucca 
Mountain Project Office (YMPO) of the Office of Civilian Radioactive Waste Management 
(OCRWM). This responsibility includes defining the scope of activities required to enhance the 
analyses conducted to date. The M&O responsibility also includes conducting a portion of the 
total system PA to complement the analyses being performed by other participants (principally 
SNL).  

'Section 801 of the Comprehensive National Energy Policy Act of 1992 specifies that the EPA Standards 
promulgated under 40 CFR Part 191 do not apply to Yucca Mountain. This Act directed EPA to have the National 
Academy of Sciences (NAS) conduct a study to determine the reasonableness of different types of standards (notably, 
individual dose) to protect human health. Based on the NAS recommendations, EPA is directed to promulgate a new 
standard for Yucca Mountain and NRC is to modify 10 CFR Part 60 to be consistent with the revised EPA standard.  
Although the EPA standard is no longer directly applicable to Yucca Mountain, it is still a useful measure of total 

Ssystem performance and can be used as a surrogate for the suitability of the geologic disposal system until such time 
as a new standard is promulgated.
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Before initiating the second total system performance assessment iteration (TSPA-II), it is prudent 

to review the applicability/representativeness of the conceptual models and parameters used in 

the analyses to date and to independently compare the results from different TSPA models to 

determine whether different approaches can be used to generate analogous results. In the 

following chapters we present a comparison of the TSPA results generated with the Repository 
Integration Program (RIP) developed by Golder Associates Inc. with those previously generated 

by SNL in their TSPA-1991, using, to the extent practicable, the same data set as was used in 
TSPA-1991.  

RIP is a performance-assessment and site-characterization strategy-evaluation software developed 

by Golder Associates Inc. under contract to OCRWM in 1991 and 1992. RIP is a very flexible 

tool that allows the user to describe the different compartments affecting release of radionuclides 
to the accessible environment. RIP was designed to be at the top of the performance assessment 
"pyramid" of analyses in that it describes the system and incorporates as many of the system 

interdependencies as the user chooses to specify, but it does not explain the behavior of the 

physical-chemical processes acting in the system. More detailed process models are required to 

develop the physical understanding, while RIP can be used to describe this understanding and its 

impact on total system performance.  

1.1 OBJECTIVES 

The objective of the comparison of the TSPA results generated using RIP with those reported by 

SNL in TSPA-1991 (Barnard et al., 1992) is to evaluate the ability to abstract the parameters and 

functional relationships required in RIP from the data set presented in TSPA-1991. A related 

objective is to test the reasonableness of the results presented in TSPA-1991 by determining 

whether an abstract representation of the relevant processes (as contained in RIP) can be used 

to reproduce the CCDFS presented by Barnard et al.. (1992). In essence, we are simultaneously 
testing the utility of RIP to be used in subsequent iterations of TSPA as well as the ability of an 

independent analysis group to reproduce the results presented in TSPA-1991.  

In addition to the above principal objectives, we have a goal to extend the analyses presented to 

date by (1) conducting additional uncertainty analyses on some parameters believed to be 

important to the prediction of cumulative radionuclide release, and (2) evaluating the sensitivity 
of TSPA performance measures to variability in selected parameters.  

1.2 APPROACH 

The approach taken in this study was first to generate an initial input data set for RIP based on 

an abstraction from the information presented in TSPA-1991.  

We have chosen RIP for this assessment because it uses a "top-down" TSPA approach which 

allows the user to incorporate varying levels of detail to describe the processes which occur 
within the different domains of the geologic disposal system (the waste packages/EBS, the 
unsaturated zone, the saturated zone, and external events and processes such as magmatism, 
tectonism, and human intrusion). RIP directly calculates the CCDF for cumulative release by 
propagating the uncertainty in parameters and processes through the abstract representations of
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the system behavior. RIP is designed in a very flexible manner which allows the user to 
incorporate as much or as little detail as desired.  

We have based our abstraction on the TSPA-1991 document prepared by SNL staff and 
contractors (Barnard et al., 1992). This document presents descriptions and justifications of the 
processes, conceptual models, and parameter values used to generate total system cumulative 
releases. We have chosen the representations presented in TSPA-1991 because they describe the 
broad spectrum of domains likely to be required in any assessment of total system performance.  
The conceptual models and parameter values used to describe the system represent the 
culmination of years of effort by SNL staff and contractors, including earlier PA exercises such 
as COVE-2a and PACE-90 as well as the development of waste package/EBS models by 
Lawrence Livermore National Laboratory (LLNL).  

The data set presented in TSPA-1991 is somewhat abstracted already. The detailed chemical
physical processes which occur within the waste package domain are approximated by simplified 
time periods (rewetting, container breach, waste alteration, release concentration build-up and fall
off). The unsaturated zone (UZ) aqueous flow and transport is represented by a one-dimensional 
composite porosity model. The UZ gaseous flow and transport is derived by a one-dimensional 
representation of the gas phase travel time distributions generated by Ross et al. (1992). The 
treatment of volcanic and human intrusion events is based on simple geometric arguments. As 
a result of the abstracted nature of the TSPA-1991 conceptual models and parameters, developing 
an equivalent RIP data set proved to be relatively straightforward.  

Once an initial RIP data set was created from the conceptual descriptions and parameter values 
'•~ provided in the TSPA-1991 document, we "tested" each individual domain to determine our 

ability to reproduce the TSPA-1991 results. In some instances this was a direct comparison with 
conditional CCDFs or some other measure of domain performance. In other cases, we ran 
expected values from the parameter distributions and compared time releases (in Ci/yr) at 
particular boundaries of the system (for example, the host rock at the edge of the EBS).  

Following the "test" of each domain, we conducted additional sensitivity analyses on individual 
domains as well as the combination of domains. These sensitivity analyses consisted of one-at-a
time sampling from parameter distributions and conceptual model variations to determine the 
impact on the results. In order to gain additional insights on system and domain behavior we 
also created scatter plots of the sampled input parameter versus the dependent variable (generally 
the cumulative release to some boundary).  

1.3 GENERAL DESCRIPTION OF RIP 

The RIP repository performance assessment and strategy model is a computational tool for 
conducting probabilistic integrated total system performance assessments for geologic repositories.  
It is not a model in the normal sense of the word in that it does not explain the behavior of the 
system or its components but it attempts to describe the behavior. The description of the system 
is left entirely for the user to define by the use of simple or complex algebraic functional 
relationships. In a sense, the RIP program is similar to a spreadsheet. While the current version 
contains a large amount of built-in logic and calculational capabilities, the problem solved is
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entirely defined by the user. The theory and capability of RIP are described in Miller et al., 

(1993). A user's guide for RIP has been published by Kossik and Hachey (1993).  

The overall structure of RIP consists of a front-end, a back-end, and a post-processor. The front

end is where the parameter values and functional relationships are defined and sampled using a 

Monte Carlo-type sampling algorithm. The back-end is where the actual computation occurs.  

The back-end is run for each sampled realization created in the front end. The post-processor 

is used to display the results (whether as time histories or CCDFs) and conduct simple sensitivity 

analyses (one-and two-dimensional scatter plots and simple parameter correlations).  

The computation part of RIP used in this report is divided into three primary domains: the waste 

package/EBS radionuclide release model, the near and far field radionuclide transport model, and 

the disruptive events model. These models are briefly described below.  

1.3.1 Waste Package/EBS Radionuclide Release Model 

The waste package/EBS component of RIP can be used to describe several processes which, if 

they occur, could lead to radionuclide releases to the geosphere. These include container failure, 

exposure of rapid release and bound radionuclides, and the mass transfer of radionuclides from 

the waste package to the host rock. Each of these processes may be dependent on the 

environmental parameters in the near field; in particular the temperature, geochemistry, and 

hydrology.  

RIP allows the user to define multiple modes of container failure. These failure modes may be 

temperature or time dependent or dependent on the water contact mode adjacent to the waste 

package. The primary (container) and secondary (cladding or pour canister) containers may fail 

either sequentially or simultaneously.  

Once the containers (primary and secondary) fail, the radionuclide inventory is exposed. RIP 

allows three inventories, a free inventory which is released instantaneously once the primary 

container fails, a gap inventory which is released instantaneously once the secondary container 

fails, and a matrix (i.e., bound) inventory which is released as the matrix is altered and dissolved.  

The exposure of bound radionuclides in the fuel or glass matrix is a function of the dissolution 

rate, the surface area exposed and the percent of surface area in contact with water.  

Once radionuclides have been dissolved, they may be transferred to the host rock by advective 

transport, diffusive transport or a combination of advective-diffusive transport. Advective 

releases apply to all gaseous radionuclides. Aqueous-phase advective releases are a function of 

the radionuclide concentration in contact with the waste (which may or may not be solubility 

limited) and the flux past each waste package. Diffusive releases are a function of the 

radionuclide concentration, the effective diffusion coefficient and a geometric factor which 

embodies the effective cross-sectional area of the container surface through which diffusive 

releases may occur and the length of the diffusive path. Only steady-state diffusive releases can 

be handled in RIP. The release from the waste package is not dependent on the ability of the 

geosphere to transport the radionuclides.
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1.3.2 Far Field Flow and Radionuclide Transport Model

RIP allows for a simplified description of radionuclide transport through the geosphere. The 
geosphere may be "discretized" into multiple pathways that are combined either in parallel or in 
series. These pathways may represent different flow regimes (aqueous vs gaseous), different flow 
domains (saturated or unsaturated zone), or different cross-sections of the repository. In addition, 
different flow modes may be applied to each pathway. A single-flow mode may be used to 
represent an equivale-it porous media, while a multiple mode pathway may be used to describe 
fracture-matrix coupling in a dual porosity-dual permeability media. For single mode pathways, 
RIP uses an analytical solution to the one-dimensional advection-dispersion equation. For 
multiple mode pathways, RIP uses a modified Markovian process algorithm to predict the 
transition between the two modes. The details of the flow and transport solution schemes are 
described in Miller et al. (1993).  

1.3.3 Disruptive Events Model 

RIP assumes all disruptive events can be simulated as a Poisson process. The user simply 
defines the annual probability of the event occurring (as well as a description of the effects of 
the event on the other domains if it occurs), and RIP randomly determines if that event occurs 
during a particular time step of any given realization.  

Once the event occurs, the effects may be either direct or indirect. Direct effects may include 
moving a certain percentage of the inventory (determined by geometric consideration such as 
interception ratios) either directly to the accessible environment (i.e., the surface) or to another 
"pathway (i.e., the saturated zone). Indirect effects may include modifying the behavior and 
characteristics of the waste package or radionuclide transport pathways.  

RIP allows for a particular sampling algorithm (called importance sampling) to increase the possi
bility of sampling infrequent events in a particular simulation. When importance sampling is 
used, all other realizations are weighted to account for the actual probability of occurrence.  

1.4 EPA SUM 

The remanded EPA standard (EPA, 1985) specifies probabilities that cumulative releases of 
radionuclides to the accessible environment shall not exceed certain levels within 10,000 years.  
The EPA sum is the sum of the ratios of the cumulative release of a radionuclide and the EPA
prescribed limit for that radionuclide, as given below: 

M = Q (1-1) 
iLi 

where M is the normalized cumulative release (the EPA sum), Q is the cumulative radioactivity 
of the ith radionuclide released to the accessible environment within 10,000 years, and Li is the 
EPA limit for the ith radionuclide. The quotient Q/'Li is known as the EPA ratio for radionuclide 
i.
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The EPA sum relates only to releases to the accessible environment. Accordingly, releases from 

EBS and unsaturated zones are not EPA sums.  

1.5 PRESENTATION OF STOCHASTIC OUTPUT 

The methodology used in this study to address the parameter uncertainty involves sampling 

parameter values from their probability distributions. Corresponding to one realization of such 

input parameters, obtained by sampling, the system is simulated and a measure of system 

performance is derived. For example, an important system performance measure in this study 

is the EPA sum, which is the normalized release to the accessible environment, explained in 

Section 1.4.  

If a thousand Monte Carlo simulations of the system are performed, corresponding to a thousand 

realizations of the input vector, there would be one thousand results for the desired system 

performance, such as the EPA sum.  

There are three alternative (and equivalent) options available to display such stochastic results.  

They are: (1) the Probability Density Function (PDF); (2) the Cumulative Distribution Function 

(CDF); and (3) the Complementary Cumulative Distribution Function (CCDF). The relationship 

between the three alternative forms of display is explained here.  

The probability density function corresponds to a "histogram" for continuous variables.  

Figure 1-la shows a PDF. The area under the PDF gives the probability. For example, the 

probability that a variable lies between X1 and X. is given by the area under the PDF between 

X, and X2 (Figure 1-1a). The total area under the PDF equals unity, denoting the certainty that 

the variable must lie between its lowest and highest limits.  

If one defines the probability that the variable x is less than X, i.e. P(x < X), it is evidently given 
by 

X 

F(X) = P(x < X) = f p(x)dx (1-2) 

0 

(Negative values for x are not feasible here.) F(x) is called the CDF. Since total area under the 

PDF is unity, F(x) varies between zero and one. Figure 1-lb presents an example CDF, and 

shows that the probability that x (e.g., EPA sum) is less than or equal to a stated value X,, is F,.  

The most popular form of presenting the stochastic results in the performance assessment context 

is by a CCDF, F*(x), defined simply by F*(x) = 1 - F(x). It denotes the probability that a 

variable x is greater than a stated value X, and may be called the probability of exceedance.  

Figure 1-Ic presents an example CCDF and shows that the probability of x exceeding X, is given 
by F* (= 1 - F1).
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The complementary cumulative distribution function is chosen in this report as the most desirable 
form of displaying the output.  

1.6 TYPES OF INPUT PARAMETER DISTRIBUTIONS 

The stochastic input parameters are defined by their assumed probability density function. Some 
of the parameters are defined by normal, uniform, and log-uniform distributions. However, most 
of the stochastic inpu. parameters in this study are defined by beta distributions. As the beta 
distribution is not as commonly known as the other distributions, the expression for this 
distribution is given below.

p(x) = c(x - a)f (b - x)ý (1-3)

where p(x) = 

c = 

X 

a = 
b = 

cL,3 =

probability density 
normalizing constant 
value of the random variable (input parameter) 
min [x] 
max [x] 
exponents

The exponents a, 03 in Equation (1-3) can be calculated based on the mean, standard deviation, 
and the minimum and maximum values of the distribution.
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2. WASTE PACKAGE

The source term for all subsequent analyses of radionuclide release to the accessible environment 
is derived from the waste package/engineered barrier system. Thus, the accuracy of the total 
release to the accessible environment and any dose calculations are initially dependent on the 
appropriateness of the conceptualization of the waste package/engineered barrier system 
(WP/EBS).  

The following discussion of the WP/EBS includes: 

"• Description of the TSPA-1991 conceptual model and parameter distribution 
"• Description of the RIP conceptual model and parameter distribution 
"• Comparison of CCDF results from TSPA-1991 and RIP 
"• Comparison of individual radionuclide release from TSPA-1991 and RIP 
"• Sensitivity of the radionuclide release to various WP features.  

2.1 TSPA-1991 APPROACH TO WASTE PACKAGE 

As noted, TSPA-1991 included a simplified waste package release model which assumed the 
reference container and repository layout as defined in the Yucca Mountain Site Characterization 
Plan (SCP) (DOE, 1988) and the Site Characterization Plan Conceptual Design Report 
(MacDougall et al., 1987). A schematic of the TSPA-1991 waste package (Barnard et al., 1992) 
is presented in Figure 2-1. The individual waste containers were assumed to be vertically 
emplaced with a 3 cm air gap separating the containers from the host rock. (MacDougall et al.  
(1987) used a 3.8 cm air gap). The effect of the cladding on the exposure of the fuel matrix was 
not considered in this conceptualization.  

The radionuclide inventory used for the source term was dependent on the analyses conducted.  
For aqueous release analyses, 9 radionuclides were included; for volcanic events and human 
intrusion 39 radionuclides were included; and for gaseous release only '4C was included. The 
volcanic events and human intrusion analyses simulate direct release to the surface, so all 
significant radionuclides are included. On the other hand, the aqueous release contains additional 
considerations such as velocity, retardation, and release rate. Some radionuclides are very 
insoluble and highly retarded, and thus provide a negligible contribution to total release. These 
are disregarded in the analyses. A summary of the radionuclides included in aqueous and 
gaseous release analyses is presented in Table 2-1.  

For the aqueous release analyses, significant ingrowth of radionuclides was calculated up-front 
and included in the initial inventory of parent radionuclides. In particular, the initial inventories 
for z34U and 2

1 7Np were increased to account for their parents (notably 238Pu, 24'Pu, and 24'Am) 
which were not simulated.  

The 33,300 containers in the waste inventory were divided into two major categories based on 
data in the SCP (DOE, 1988): 60 percent pressurized-water-reactor (PWR) spent fuel and 40 

S percent boiling-water-reactor (BWR) spent fuel. TSPA-1991 assumed 2.1 metric tons of heavy 
metal per container, based on Apted et al. (1990). The only distinction between the two groups
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was the assumed bumup value which was 33,000 megawatt-days per metric ton of heavy metal 
(MWd/MTHM) for PWR, and 27,500 MWd/MTHM for BWR. These values are used to 
calculate the "EPA ratio," the ratio of a radionuclide's release (radionuclide-specific cumulative • 
release limit of 40 CFR Part 191 (EPA, 1985) (see Section 3.5.1, below)). A total repository of 
70,000 MTHM of waste was assumed.  

The processes included in the TSPA-1991 waste package/engineered barrier system included 
container wetting after the thermal dryout period, container failure, radionuclide mobilization, and 
radionuclide transport out of the container.  

Rewetting: Rewetting means the re-occurrence of liquid-phase water into the host rock after the 
thermal period. It does not mean that saturated conditions are expected or will occur. There are 
two parts to the TSPA-1991 repository rewetting: (1) the actual time of wetting the waste 
packages being contacted by liquid water after the thermal pulse, and (2) the procedure to 
determine how many waste packages are contacted by liquid water. The system was assumed 
to be dry initially due to heat released from the waste. No thermal calculations were included.  
No waste was released during this time period. Container wetting was assumed to occur 
gradually, starting 300 years after emplacement and reaching equilibrium, with all packages 
"rewet," 1000 years later.  

TSPA-1991 divided the waste packages into four categories depending on the water saturation 
of the waste packages. The saturation was directly related to the release mode of radionuclides 
from the containers. Four different modes of release were included: (1) advective only, 
(2) diffusive only, (3) advective and diffusive, and (4) none. Advective releases were assumed 
to occur if a waste package was in a locally wet (seepage area) part of the repository. A simple 
flow-through model was assumed in calculating the advective releases. Diffusive releases were 
assumed to occur if the air gap was partially filled with rubble. The height of the rubble in the 
air gap was assumed to be the same as the height of the water in the container, thus simplifying 
the estimate of the fraction of the spent fuel in a given container that contributes to diffusive 
releases. Advective and diffusive releases occurred when the containers were in locally wet areas 
and had rubble in the air gap. A fraction of the waste packages potentially were in dry areas 
with an intact air gap, and no release occurred from these packages.  

The relative number of waste packages in each category was determined in the following manner.  
The fraction of containers in seepage areas is denoted by f, and the fraction of containers with 
rubble filling at least part of the air gap is denoted f,. The f, fraction covers those containers 
experiencing advective releases, and the fr fraction covers those containers with a failed air gap.  
The fr fraction was a user supplied value. In TSPA-1991, half of the containers were assumed 
to be in the f, fraction. The fraction of containers in the f, fraction was calculated from the 
following equation: 

fs = P[q > q0] = 0.5 • erfc _ q° u (2-1) 
( ý)
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where: erfc = complementary error function (see Appendix A) 
u = mean of the spatial flux distribution in log space 
Y = standard deviation of the spatial flux distribution in log space 

q = percolation rate 
q0 = flux carried by porous matrix (assumed equal to the saturated matrix hydraulic 

conductivity of the Topopah Springs (Ko), a tuff unit of Yucca Mountain that 
is the potential repository host rock).  

The average flux for those containers subjected to seepage flow is given by: 

q _q - f-' - 0.5 L erfc Ij (2-2) 

It is assumed that q0 of that flux is carried by the porous matrix, so that the average flux 
available for seepage flow is given by: 

q= = q -q (2-3) 

Figures 2-2 through 2-5 illustrate histograms of q, K0, f, and qs, respectively, generated with 
v @RISK. It can be seen that f, has a large number of values close to 0.0 (corresponding to no 

advective releases) and 1.0 (corresponding to advective releases). It bears noting that if f,--0.5, 
then 25 percent of the waste packages would be in each of the four water contact and release 
modes.  

Container Failure: The container failure distribution used in TSPA-1991 was based on the 
rewetting period and a time to failure given the repository is rewet with an assumed log-uniform 
distribution from 500 to 10,000 years. For a particular realization, a time was sampled from the 
distribution, and all containers were failed by the sampled time. If failures could not occur until 
500 years after the container was wet, the initial releases should not occur until at least 
800 years. However, a review of the individual radionuclide release curves (Barnard et al., 1992, 
Figure 4-47) shows that releases occurred starting at 300 years. (NOTE: There is some 
uncertainty regarding the interpretation of failure distributions used in TSPA-1991. We have 
used three different assumptions that are described in Section 2.3.1 below).  

Radionuclide Mobilization: Before the radionuclides can be transported from the repository, the 
container must fail and the waste must be altered and mobilized. Alteration refers to chemical 
alteration (oxidation) of the U0 2 fuel matrix which frees the radionuclide for possible dissolution.  
The waste inventory was divided into alteration-limited (high solubility) and solubility-limited 
radionuclides. In TSPA-1991, 2 percent of the high-solubility radionuclide inventory ('"Cs, '291, 
"79Se, and 9Tc) was available for quick release once the container failed. This prompt inventory 
fraction is at the upper end of the values suggested, and the SCP goal is to achieve less than 0.02 

S (DOE, 1988). The matrix alteration rate (am), prompt alteration rate (a,), and fraction of the
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waste-form surface area wetted (f,,) are included in the calculation of waste mobilized for 
advective releases. These are all input parameters in TSPA-1991 analyses. The matrix alteration 
is assumed to proceed at a certain rate, but only part of the waste is contacted by water and is 
releasing its waste to the water. The TSPA-1991 matrix alteration rate upper bound was based 
on laboratory experiments of spent fuel leaching (Apted et al., 1990). The lower bound was 
arbitrarily selected as 20 times lower to reflect the uncertainty in the parameter (Barnard et al., 
1992). The prompt alteration rate was simply a small number to spread the release over 2 years, 
but is insignificant relative to the other time scales in the analyses (Barnard et al., 1992). The 
fraction of the waste form surface area wetted was simply set to the middle of the possible range 
(Barnard et al., 1992). For diffusive releases, fwd is the fraction of the waste-form surface area 
wetted and participating in diffusive releases. This parameter was also set to the middle of the 
possible range (Barnard et al., 1992).  

Radionuclide Transport: After the radionuclides have been mobilized, they are available for 
transport out of the waste containers. The TSPA-1991 calculation of advective release is 
different than that of diffusive release. Also, the treatment of transport of alteration-limited 
radionuclides is different from that of solubility-limited radionuclides.  

For the advective-release model, TSPA-1991 assumed that water flows into the container at the 
top, and exits at the bottom. The time scale for this process is -given by the volume of water in 
the container divided by the rate at which water flows through the container. The volume of 
water inside the waste container is given by: 

V, = A • dft." f,, (2-4) 

where A = total surface area of the spent fuel rods in a container, dfil = thickness of the water 
film on the wetted part of the spent-fuel surface, and fw, is the fraction of the waste-form surface 
area wetted.  

The volume rate at which water flows through the container is given by: 

V 2 = Ac•- f,-q (2-5) 

where A, = the area around a waste container where water flux is gathered and funneled into the 
container (the "effective catchment area"), fi,, = fraction of the flux through Acro, that actually 
gets into the waste package, and q, is the average seepage flux in the vicinity of containers that 
have seepage flux.  

For advective solubility-limited releases, the rate at which radionuclides are released is given by 
the rate of flow through the container multiplied by the maximum solubility of the radionuclide.  

For diffusive releases across the rubble, two values of the diffusion coefficient were used, one 
for a wet container environment, and one for a moist container environment. Also, the diffusion 
time scales differ because the radionuclides have different retardation values. Combination 
advective-diffusive transport is handled differently for alteration-limited and solubility-limited 
cases. For alteration-limited radionuclide mobilization, the advective and wet-diffusive time 
scales are combined. The fastest process will dominate the mobilization. For solubility-limited
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radionuclide mobilization, the advective and wet-diffusive releases are calculated separately, then 
added together.  

TSPA-1991 results used for comparison purposes with RIP waste package results are presented 
in Figures 2-6 and 2-7. The CCDF of release from the WP/EBS is shown in Figure 2-6. Note 
that Figure 2-6 applies the EPA standard at the EBS/host-rock interface rather than at the 
accessible environment boundary as specified in the EPA's 40 CFR Part 191. This was done for 
ease of computation and for illustrative purposes only. Individual radionuclide release curves are 
presented in Figure 2-7 in terms of the ratios of their calculated release rates to the allowable 
release rates specified in the NRC's 10 CFR Part 60.  

2.2 RIP APPROACH TO WASTE PACKAGE/ENGINEERED BARRIER SYSTEM 

The RIP software is capable of simulating the primary concepts included in the TSPA-1991 waste 
package analyses. The following discussion divides the waste package concepts into five 
categories: container data, inventory, exposure of radionuclides to liquid water, transport of 
radionuclides, and air gap. Where appropriate, direct comparison of TSPA 1991 data with the 
RIP conceptualization are included in tables. Figure 2-8 shows a schematic of the processes 
which may be included in RIP waste package modeling.  

Container Data: The container data used in RIP are directly comparable to the TSPA-1991.  
Table 2-2 details the comparison. Note that the RIP case of 2.1 MTHM/container only results 
in 69,930 MTHM in the repository, slightly less than the TSPA-1991 value of 70,000 MTHM.  

Inventory: The waste inventory defined in TSPA-1991 can also be implemented within RIP, after 
units conversion. Table 2-3 shows the TSPA-1991 inventory for aqueous release analyses and 
the comparable RIP inventory. The RIP inventory was input as Ci/container, converted from 
Ci/MTHM as 2.1 MTHM/container. Prompt release fractions were included in the RIP data set 
as gap inventory, essentially free inventory within the secondary container. This is discussed in 
more detail in the "Exposure of Inventory" section. TSPA-1991 prompt alteration rate (calculated 
to take 2 years) is not included as such in RIP. RIP includes such release as rapid, or 
instantaneous release once the container fails. The TSPA-1991 prompt release time period is so 
small relative to the 10,000 year analysis period that it is insignificant.  

Solubilities for the RIP data set were converted from TSPA-1991 moles/liter to g/m3 according 
to the following formula: 

mle 000 iters - g of radionuclide (2-6) 

TSPA- 1991 did not specify the solubilities for the alteration-limited radionuclides, essentially 
setting them to infinity (Wilson, 1993). In RIP, the solubilities for these radionuclides were set 
to values large enough to allow alteration rather than solubility to control the release rate.
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Mobilization of Inventory: There are two aspects to mobilization of the radionuclides prior to 
transport. The inventory must be altered and the containers must fail. Table 2-4 fists the WP 
failure parameters. The TSPA-1991 rewetting time parameter values are based on thermal 
modeling of the spatial array of waste packages (Johnson and Montan, 1990). The 9,500-year 
range for container lifetime distribution was chosen for TSPA-1991 to reflect the significant 
uncertainty in container performance (Barnard et al., 1992). Table 2-5 lists the various 
parameters important to mobilization of the radionuclides. The TSPA-1991 fractions for 
containers with rubble in the air gap, fuel wet with seepage, and fuel wet and diffusing, were 
simply set to the middle of the possible range (Barnard et al., 1992). The source of TSPA-1991 
matrix alteration rate and prompt alteration rate was discussed in Section 2.1. The TSPA-1991 
value for spent fuel surface area per package was taken from design data tabulated in the SCP 
(DOE, 1988). The water film thickness on a spent fuel surface under unsaturated conditions is 
unknown, but will probably depend on surface roughness, capillarity, andmwater surface tension 
(Barnard et al., 1992). Many of the TSPA-1991 parameters are shown graphically on Figure 2-1.  

The TSPA-1991 waste package failure distribution is described in Section-.2.1. RIP simulation 
of WP failure requires the use of both container failures (primary and secondary) to adequately 
represent the TSPA- 1991 WP failure. Resaturation was simulated by a uniform primary container 
failure of 800 - 1800 years. Once a package was contacted by liquid-phase water, the simulation 
of WP failure was initiated.  

WP failure was simulated using the secondary container failure feature of RIP. To mimic the 
TSPA- 1991 log-uniform distribution, the distribution used initially was a Weibull distribution. __ 

(Note: Initially, RIP did not allow for a log-uniform failure distribution. This was modified in 
subsequent versions of the software.) Other WP failure distributions are included in Table 2-4.  

Within TSPA-1991, the fraction of seepage entering the container is combined with the water 
collection area. In RIP, these parameters are combined into an effective catchment area. The 
effective catchment area is only activated for the two water contact modes that have advective 
release (modes 1 and 2).  

Many of the parameters in Table 2-5 help define the number of waste packages in each water 
contact mode. Within TSPA-1991, diffusive releases occur only in containers that have rubble 
in the air gap. Advective releases occur in containers that have fuel wet with seepage. Some 
containers have both diffusive and advective releases when fuel is wet and diffusing. The dry 
containers have no release.  

RIP used the same four water contact modes defined in TSPA-1991, although with a different 
nomenclature. The advective-only release mode is called wet-drip in RIP. The advective and 
diffusive release mode is called wet-feet in RIP. The diffusive-only release mode is called moist
continuous in RIP. The no release mode is called nominal in RIP. Wet-drip and wet-feet occur 
when the fraction of containers in seepage areas (Q is equal to 1. Moist-continuous and nominal 
releases occur when f,=0.0. When fs--0.5, then 25 percent of the waste packages will be in each 
of the four water contact modes. It bears noting that for advective releases, only advective 
parameters are required (such as effective catchment area, seepage flux, and fraction of waste / 
wet); for diffusive releases, only diffusive parameters are required (such as diffusion coefficient, 
geometric factor for diffusion, and the fraction of waste wet); while for the combined advective-
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diffusive release both sets of parameters are required. It also bears noting that the diffusion 
•J coefficients for moist-continuous release is less than that for wet-feet releases due to the 

differences in tortuosity and effective area available for release when the media is partially 
saturated (see Conca, 1990).  

Transport Parameters: The transport of exposed radionuclides is dependent on numerous 
parameters. Transport may be divided into advective and diffusive transport. Diffusive transport 
is further subdivided into moist and wet diffusion. Within RIP, the different diffusion 
coefficients are implemented by simulating release from each of the water contact modes 
differently. For water contact modes 1 and 2, the wet diffusion coefficient is used. For water 
contact mode 3, the moist diffusion coefficient is used. For water contact mode 4, no diffusive 
release is allowed. These parameters are detailed in Table 2-6. The TSPA-1991 diffusion 
coefficients are based on modifying the typical diffusion coefficient in water (3.0 x 102 m2/yr) 
(Travis et al., 1984) to account for tortuosity and constrictivity effects. Also, under wet 
conditions the diffusion coefficient might be as high as it is in water (Barnard et al., 1992), but 
under moist conditions the effective diffusion coefficient is reduced by several orders of 
magnitude (Conca, 1990). The TSPA-1991 distribution of "wet" diffusion coefficients is a small 
range about the far-field value of 3.16 x 10-3 m2/yr; the "moist" diffusion coefficient distribution 
is broader and its maximum is below the minimum wet values (Barnard et al., 1992).  

The TSPA-1991 percolation rate distribution is based on distributions used in prior performance 
assessment analyses (PACE-90; SCP; Sinnock et al., 1984) and an exponential distribution was 

\• chosen to weight the range toward the low end of the distribution.  

The TSPA- 1991 effective diffusion area is equal to the waste container surface area reduced by 
the product of the effective porosity and the saturation of the rubble (Barnard et al., 1992).  

The TSPA-1991 water collection area is subjective, based on expected drainage area for a single 
container. The fraction of seepage through the water collection area was set at the midpoint of 
the possible range (Barnard et al., 1992).  

The TSPA-1991 rubble thickness is assumed to be 3 cm, based on Apted et al. (1990) and Ueng 
and O'Connell (1992).  

Diffusive Release: RIP models diffusive releases through the waste package as a steady state 
process, with the transfer rate equal to the product of the effective diffusion coefficient, the 
concentration of the radionuclide in contact with the waste matrix, and a geometric factor.  
Several formulations of the geometric factor for diffusive mass transfer (w) exist. Assuming a 
spherical waste form of radius R, Chambre et al. (1985) define the geometric factor as 

w = 4 " -R - n - f (2-7) 

where n = effective porosity of the degraded package, and f = percent of the waste in contact 
with a diffusive pathway. Assuming R = 0.9 m, n = 0.2 and f = 0.5, yields a geometric factor 

',_• for diffusive mass transfer of about 1.0.
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Air Gap: The TSPA- 1991 air gap is implemented in RIP as a pathway, with an assigned 
transport velocity that is based on the arrival time for the 50 percent mass breakthrough given ,,_/ 
a diffusive release. The pathway is only accessed for releases from waste packages in water 
contact mode 3. The velocity is calculated as: 

vel = Dft/l_ (2-8) 

where Deff = the effective diffusion coefficient and L = path length.  

Additional Capabilities: RIP has additional capabilities not demonstrated in TSPA-1991 which 
increase the ability to simulate process complexity. These additional capabilities are primarily 
in the source term, decay, and effective solubility of radionuclides.  

Source Term: RIP has three potential fractions of the source term (Free, Gap, and Bound) versus 
only two for TSPA-1991 (Prompt and Bound). This allows RIP to directly incorporate the effects 
of the cladding failure rate if the primary and secondary container failure modes are modeled as 
the sequential failure of the container and cladding. This was not done ini'this exercise.  

Decay: RIP handles decay of radionuclides as the decay occurs. On the other hand, TSPA-1991 
pre-calculated decay and then introduced the decay components into the source term. The RIP 
implementation produces a release inventory consistent with analytical calculations of decay 
products from the initial repository radionuclide inventory.  

Effective Solubility: Another issue where RIP is more complex than TSPA- 1991 involves the

concept of effective solubilities. TSPA-1991 pre-calculates the impact of isotopes on solubility 
and partitions the solubility for particular isotopes. RIP calculates the effective solubility as 
additional isotopes are created due to radioactive decay. For example, in RIP the concept causes 
a decrease in the "3U release relative to the TSPA-1991 'MU release values, due to competing 
solubilities with other Uranium isotopes (e.g., 235U). Figure 2-9 shows the result of including the 
effective uranium solubility in the calculation of release for 734U. The 2MU plot in TSPA-1991 
which does not include effective solubility reaches a plateau, while the RIP simulation shows that 
2 4U peaks and then declines as other uranium isotopes are produced due to radioactive decay and 
begin competing with the 23U for solubility (Figure 2-10). Similar effects are seen for other 
radionuclides which have more than one isotope in the inventory.  

2.3 RESULTS OF WASTE PACKAGE/ENGINEERED BARRIER SYSTEM 
ANALYSES 

The RIP analyses of the waste package release involved incorporating increasing complexity into 
the conceptual model to obtain a waste package similar to the conceptual model of the waste 
package in TSPA-1991. The modifications dealt with: 

"• Waste package failure distribution 
"* Radionuclide inventory 
"* Solubility of radionuclides 
"* Infiltration-dependent water contact distribution 
"* Air gap around waste packages.
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Table 2-7 indicates the primary differences between the RIP simulations. The initial case, 
RUN 2.1, was developed to simulate conditions contained within the TSPA-1991 waste package.  
The container failure distribution was a Weibull distribution, for gradual container failure 
beginning 500 years after container wetting and continuing for 9500 years. The inventory 
included the nine TSPA-1991 radionuclides along with their most significant decay products.  
The inventory for the daughter products was 0 Ci/container. However, within RIP, when 
radionuclides are present in the initial radionuclide list table, the possibility exists for ingrowth 
of the radionuclide. The solubility for alteration-limited radionuclides was initially taken to be 
the same distribution as in Golder Associates Inc. (1993) because the TSPA-1991 did not list 
actual solubilities for these radionuclides. The waste packages were divided evenly into 4 water 
contact modes, as identified in Section 2.2. Finally, the initial case did not include a diffusion 
gap for the 3 cm air gap simulated in TSPA-1991.  

2.3.1 Sensitivity of CCDF to Waste Package Failure 

The RIP initial waste package was set up to simulate failure of the waste packages with a 
Weibull distribution intended to mimic a log-uniform waste package failure distribution of 
9,500 years. The Weibull distribution and the log-uniform distribution are shown in Figures 2-11 
and 2-12. The Weibull distribution has more containers failing at early times than the log
uniform distribution. The CCDF for 1000 realizations using these two distributions demonstrates 
as expected that the Weibull failure distribution causes greater release than the log-uniform 
distribution. A CCDF of the WP case with the Weibull failure distribution is presented in 
Figure 2-13. A recent upgrade to RIP allowed use of a log-uniform distribution for WP failure.  

S-Figure 2-14 presents the CCDF for this case. Comparison of the 1.0, 0.1, 0.01, and 0.001 
probability values on the CCDF show that the case with the log-uniform distribution consistently 
has lower release than the case with the Weibull distribution. These and other CCDF figures in 
this section should be compared to Figure 2-6, the TSPA-1991 composite porosity release from 
the EBS.  

2.3.2 Sensitivity of CCDF to Inventory 

As noted previously, the TSPA-1991 inventory for aqueous release included only nine 
radionuclides, and these radionuclides decayed but the decay products were not tracked. The 
initial RIP waste package (which included decay) was set up for 16 radionuclides (Table 2-1) 
which included the most significant daughter products from the nine TSPA-1991 radionuclides.  
The results of the initial case simulation with 16 radionuclides are included in Figures 2-13 and 
2-14. Later RIP simulations reduced the inventory to nine radionuclides, not allowing any 
production of daughter products, but still calculating decay. This caused a significant decrease 
(a factor of 2) in the simulated release from the waste packages. The CCDF results for the 
reduced number of radionuclides are presented in Figure 2-15. The results are consistently lower 
than the case with 16 radionuclides primarily because daughter product production (especially 
"21'Pb and 2'Ra) does not occur in the case with nine radionuclides.  

2.3.3 Sensitivity of CCDF to Waste Alteration 

' Solubility of Radionuclides: One parameter not specified in TSPA-1991 (Barnard et al., 1992) 
is the solubility of alteration-limited radionuclides such as 99Tc. Wilson (1993) indicated the
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solubilities were effectively infinite (>1000 kg/m3). Solubility values were varied in RIP to find 
the value above which no additional release occurs. RIP solubilities for the alteration-limited / 
radionuclides were then specified as greater than these values in the simulations presented in 
Figure 2-16. 99Tc and "5Cs were the only radionuclides given the high solubility values. The 
results indicate a slightly larger total release when essentially infinite solubilities are used for 99Tc 
and '"Cs.  

2.3.4 Sensitivity of CCDF to Waste Package Release 

Failure Time per Realization: TSPA-1991 waste package failures occurred according to the 
distribution described in Section 2.1. All previously presented RIP simulations failed the waste 
packages gradually through time for the duration of the 9500-year failure period. Figure 2-17 
presents the results of simulations which implemented the TSPA-1991 failure characterization.  
This caused an increase in the release from the waste packages as shown on' the CCDF, primarily 
because the waste package failures occurred earlier in time and were completed earlier than for 
the previous distribution (which had failure of all packages at 10,300 years).  

Implementation of Relationship between Infiltration and Saturated Matrix Hydraulic Conductivity: 
Thus far, the number of waste packages in each water contact mode was equal to one quarter 
(25 percent) of the total number of waste packages. As noted in Section 2.1, TSPA-1991 used 
a functional relationship between infiltration and the saturated matrix hydraulic conductivity of 
the Topopah Springs to determine the number of waste packages in each of the water contact 
modes. In this waste package simulation, the f, implementation described in Section 2.1 was 

simulated. Figure 2-18 shows the CCDF for this conceptualization. Comparison with the 
TSPA-1991 CCDF (Figure 2-6) shows that the RIP release is less than the TSPA-1991 release.  

Air Gap: An additional factor in TSPA-1991 was the implementation of a 3-cm air gap at the 
edge of the waste packages. Within RIP, this was simulated as a 3-cm pathway that was only 
activated if releases were from the moist continuous waste packages and the diffusion coefficient 
value was the same as the moist diffusion coefficient. The dispersivity, a parameter required for 
a pathway in RIP, was arbitrarily selected as 1 m. Additional details are found in Appendix A.  
The results of adding the air gap to these simulations, which provide a waste package conceptual 
model very similar to the TSPA-1991 waste package are presented in Figure 2-19. Compared 
to Figure 2-18, the results are only slightly reduced. The air gap has the effect of delaying the 
release of the diffused radionuclides, leading to lower overall release.  

Implementation of Average Flux Available for Seepage Flow: A final factor which TSPA-1991 
included was an evaluation of whether or not the infiltration rate would cause fracture flow. In 
the cases where the flux is greater than the saturated matrix hydraulic conductivity of the 
Topopah Springs, fracture flow is assumed to be initiated. Only when fracture flow exists is 
there any possibility for waste packages to experience wet-feet or wet-drip water contact modes 
and the corresponding advective releases from the EBS. This q. evaluation was included in RIP 
for the final waste package analysis to more precisely mimic the TSPA-1991 conceptualization.  
Results are shown in Figure 2-20. In general, as with the addition of the air gap to the 

conceptual model, the results show slightly lower releases than the previous simulations.
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Additional CCDFs showing the results for individual radionuclide release are provided in 
"•- Figures 2-21 through 2-25. These CCDFs present results for 99Tc, 129, 239Pu, 79Se, and 234U, 

respectively. Note the high 239Pu release. It is to be noted again that all these CCDFs for 
WP/EBS releases are not calculations of the EPA standard's performance measure at the 
accessible environment boundary. These calculations apply that performance measure to the 
EBS-rock interface for illustrative purposes only.  

2.3.5 Comparison of Individual Radionuclide Release from TSPA-1991 and RIP 

The individual radionuclide release curves for the expected values of TSPA-1991 are presented 
in NRC-normalized form in Figure 2-7. The non-normalized results are presented in Figure 2-26.  
The peak values for TSPA-1991 and some of the RIP simulations are presented in Table-2-8.  
As noted in Section 2.1, the treatment of alteration-limited radionuclide release was different 
from solubility-limited release in TSPA-1991. In RIP, the radionuclides are treated identically, 
except that the solubility limit for a particular radionuclide will affect whether that nuclide has 
solubility-limited or alteration-limited release.  

The TSPA-1991 peak values for the solubility-limited radionuclides are generally slightly higher 
than those from the RIP simulations. The expected value from the given TSPA-1991 solubility 
distribution is slightly lower when implemented in RIP for 243Am, 237Np, and 214U. This 
difference, while slight, would cause a difference in the release for these radionuclides.  

TSPA- 1991 used partitioning of isotope solubility limits rather than calculate solubility limits as 
they changed through time. The partitioning factors at 10,000 years were used to adjust the 
solubility limits since they are higher than the ones at early time. RIP simulations used the same 
solubilities as TSPA-1991 over all times.  

The TSPA- 1991 peak values for the alteration-limited radionuclides are generally lower than 
those from the RIP simulations. The RIP results for the RUN 2.4 case alteration-limited 
radionuclides are very close to the TSPA-1991 values. Note the RUN 2.4 WP failure distribution 
produces less release at early time than the failure distribution in RUN 2.5 and RUN 2.8 because 
the WP failures in RUN 2.4 are spread out over 9,500 years after rewetting, while the WP 
failures in RUNs 2.5 and 2.8 are spread out from the time of rewetting to a value sampled from 
the log-uniform distribution of 0-9,500 years (mean of 3,170 years).  

The description of TSPA-1991 individual radionuclide release indicates that rewetting starts at 
300 years, continues uniformly for 1000 years, and no release occurs until at least 500 years after 
a container is wet (at least 800 years from waste emplacement). However, Wilson (1993) 
clarified that while the rewetting period was as we expected, the failure distribution was as 
follows. A maximum time of failure was sampled from a log-uniform distribution from 500 to 
10,000 years. The expected value of this distribution is 3,170 years. The failure then was 
assumed to be uniform from 0 years after rewetting to the maximum failure time.  

An additional RIP simulation was conducted to evaluate the impact of using 300 years as the 
start time for release. These CCDF results are presented in Figure 2-27. The release is slightly 
higher than Figure 2-20, the CCDF results for the RIP data set that resembles TSPA-1991 most 
closely. The individual radionuclide release curves are presented for a few of the radionuclides
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(99Tc and 2 39pu) in Figures 2-28 and 2-29. As expected, the release start time matches TSPA
1991 and the time of peak arrival occurs earlier than in Figure 2-20 and closer to the TSPA-1991 
peak arrival.  

2.3.6 Scatter Plots for Selected Parameters from CCDF Analyses 

Limited sensitivity analyses were conducted to evaluate the importance of selected parameters 
on the release of certain radionuclides. These scatter plots were developed based on RUN 2.8.  
The effect of the dissolution value on 99Tc release (1,000 realizations) is presented in Figure 2-30.  
Increasing the dissolution has a direct effect on the total 99Tc release. The 239Pu release as a 
function of the effective catchment area and geometric diffusion factor (100 realizations each) 
are shown in Figures 2-31 and 2-32. The release of 239pu is not directly affected by the effective 
catchment area value, while an increase in the geometric diffusion factor increases the total 239pu 

release. Finally, the effect of the diffusion coefficient on 135Cs releaseý (100 realizations) is 

presented in Figure 2-33. There is no apparent correlation between the increase in diffusion 
coefficient and 35Cs release.  

2.4 PARAMETER SENSITIVITY ANALYSIS 

The release from the different waste packages is dependent on many variables. In an attempt to 
determine the sensitivity of the release to these parameters, we started with a base case with all 
the parameters set constant, usually to their expected values. The base case was a product of the 
comparison with TSPA-1991 discussed earlier. Multiple-realization runs were made with RIF _ 
varying one parameter at a time. This way, we were able to observe the effect of the various 
parameters without the stronger effects obscuring the more subtle effects.  

Subsequently, simulations were made varying many parameters simultaneously. These combined 
runs allowed us to determine the relative importance of the different parameters to the release 
of radionuclides.  

The release of radionuclides that we analyze falls into two categories: low-solubility (solubility
limited) and high-solubility (alteration-limited). The radionuclides 243Am, 237Np, 239pu, 126Sn, and 
`34U are in the former category, while '35Cs, 1291, 79Se, and 99Tc are in the latter category. The 
elements within each group have similar sensitivities, and for simplicity we present the results 
for 99Tc and 239Pu as being representative of high-- and low-solubility radionuclides, respectively.  
Where there is variation within a category of radionuclides and it is not appropriate to consider 
a single "representative" radionuclide, the range of behaviors is discussed.  

Four water contact modes were considered: wet-feet, moist-continuous, wet-drip, and nominal.  
The inventory was assumed to be divided equally among the four modes, but post-processing 
allowed us to independently analyze the waste packages in the different water contact modes.  
As there is no water contact for the nominal mode, no release occurs for these waste packages.  
Thus, none of the parameters of interest will affect the release of radionuclides from these 
containers, and we will not further discuss the nominal case.
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2.4.1 Sensitivity of Waste Package to Waste Alteration Parameters

We first considered waste alteration parameters, including the matrix dissolution rate, the fraction 
of waste wetted, and the solubility of the radionuclides. The results for high- and low-solubility 
radionuclides are shown in Tables 2-9 and 2-10, respectively. These tables contain the parameter 
description, the range of the parameter analyzed, the expected value of the parameter, the 
sensitivity exhibited by the parameter (e.g., none, linear, or log-like), and the water contact modes 
responsible for the sensitivity. When the sensitivity was linear, the slope was represented by m, 
the standard convention (y=mx+b). In some cases, the sensitivity curve consisted of linear 
segments, each of different slope. For these cases, the slopes were designated by m, , m2 ,....  

from left to right for the respective segments. For simplicity, the water contact modes are 
abbreviated WF, WD, and MC for wet-feet, wet-drip, and moist-continuous, respectively.  

It is seen that the high-solubility radionuclides are dependent on all the waste alteration 
parameters analyzed, exhibiting log-like behavior for the matrix dissolution rate (Rds) and the 
fraction of waste wetted. (fw) (Figures 2-34 and 2-35) and linear behavior for the solubility. For 
all three cases, the wet-feet, wet-drip, and moist-continuous water contact inodes are sensitive 
to changes in the waste alteration parameters.  

The sensitivity curve for the solubility of 9Tc is qualitatively different from the sensitivity curves 
discussed above (see Figures 2-36 and 2-37). For extremely low solubilities, the release increases 
linearly with great slope as the solubility increases. For a technetium solubility (ST-) of 
approximately 100, the slope of the sensitivity curve changes and the release then increases 
slowly, but linearly, as the solubility increases. Finally, at STC approximately 9,000, there is 
another change in the slope of the sensitivity curve, and the release is constant with further 
increases in solubility. This behavior is simply explained. For a particular water contact mode, 
a low solubility means that the release is solubility-limited. As the solubility increases, the 
release increases until a critical solubility is reached. At this point, the release becomes 
alteration-limited and no increase in solubility can increase the release. The wet-feet and wet
drip water contact modes have approximately the same critical solubilities, while the moist
continuous mode has a significantly higher solubility. The sensitivity curve is a superposition 
of all the modes. In the first region, the releases from the wet-feet, wet-drip, and moist
continuous modes are increasing. In the second region, the releases from the wet-feet and wet
drip modes have plateaued, but the release from the moist-continuous mode is still increasing.  
In the third region, the release from the moist-continuous mode has plateaued, and the total 
release is constant.  

Generally, the low-solubility radionuclides are not sensitive to the matrix dissolution rate or the 
fraction of waste wetted. For instance, only 126Sn exhibits any sensitivity to changes in the 
matrix dissolution rate (Figure 2-38). In this case, the release rises linearly until it becomes 
constant. However, the increase is slight and considered insignificant. For the fraction of waste 
wetted, the releases of 2 4U and 'Sn rise linearly and become constant early in the sensitivity 
curve. This behavior is not very significant because of the low value at which the release 
becomes alteration-limited, and the magnitude of the overall increases (0.1% and 0.7% for 234U 
and '"Sn, respectively). Changes in solubility linearly affect the release of low-solubility 
radionuclides, as may be expected from our experience with the high-solubility radionuclides (at 
low solubilities, the release increases linearly).
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2.4.2 Sensitivity of Waste Package to Release Parameters

The release parameters examined with sensitivity analyses are the repository infiltration rate, the 
volume of water contacting the matrix, the moist-continuous and wet-feet diffusion coefficients, 
the geometric factor for diffusion, and the effective catchment area. The results for the high- and 
low-solubility radionuclides are shown in Tables 2-11 and 2-12, respectively. As for Tables 2-9 
and 2-10, these tables include the parameter description, the range over which the parameter was 
sampled, the expected value of the parameter, any sensitivities exhibited during the variation, and 
the water contact modes that were the cause for the sensitivities. In one case, the sensitivity was 
the "left-most point." This is in essence a linear rise followed by a constant region. However, 
because only the realization with the lowest parameter value (the left-most point on the curve) 
had a lower value for the release than the rest of the realizations that all had the same value, it 
was not possible to obtain a slope for the region of linear increase. For these cases, high
solubility radionuclides other than 99Tc had different sensitivity curves. Some were always rising 
linearly, some increased linearly before they became constant, and some were always constant.  

For both the geometric factor for diffusion (w) and the effective catchinent area (A.), the 
expected value is zero. This is because these variables are dependent on the water contact mode.  
For the former, w is zero for the wet-drip water contact mode, and it is non-zero for the moist
continuous and wet-feet water contact modes. For the latter, A. is zero for the moist-continuous 
water contact mode, and it is non-zero for the wet-feet and wet-drip water contact modes. For 
the high-solubility radionuclides, the moist-continuous waste packages are sensitive to changes 
in w and the wet-drip waste packages are sensitive to changes in A,.  

The high-solubility radionuclides exhibited little or no sensitivity to the release parameters. The 
general pattern, exhibited by all but the wet-feet diffusion coefficient and the water volume 
contacting the matrix, was that of linear increase until the release was constant with further 
parameter increase (e.g., Figure 2-39). The point at which the transition occurs depends on the 
parameter and on the radionuclide. For a given parameter, there is usually a range of transition 
points corresponding to the different radionuclides. As an example, consider the repository 
infiltration rate (a.q): 135Cs has the transition point at 0.0002, so that there are enough points left 
of the transition that the linear behavior is apparent. 99Tc has a lower transition point, so that 
there are fewer points showing on the plot. 1291 and 79Se have the transition even lower, so that 
the only points plotted are above the transition--only the plateau is shown. The regions where 
the releases are sensitive to variations in qci are significantly less than the expected value of qa.  
Thus, near the expected values, the release of high-solubility radionuclides is insensitive to 
changes in the release parameters.  

Whereas all the other sensitivity curves increase monotonically (or are constant), the dependence 
exhibited by the volume of water contacting the matrix is that of monotonic decrease. For high
solubility radionuclides 79Se and 9Tc, the curves are constantly decreasing. The shape of these 
curves indicates that the release is inversely related to the volume: release - V` (Figure 2-40).  
For `35Cs, the sensitivity curve was constant for volumes less than 0.11, and decreasing for 
greater volumes in a different manner than the other two high-solubility radionuclides discussed 
above (Figure 2-41). The behavior is due to the waste packages in the wet-feet, wet-drip, an( 
moist-continuous water contact mode. The decrease is due to a change of the effective
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concentration C(n) of the radionuclide in the water in contact with the matrix (Golder Associates 
"- Inc., 1993, p. 62). This concentration is defined as: 

C(n) = m•n ) ,Cs(n) (2-9) 

where MP(n) is the average amount of exposed mass of radionuclide n in a failed waste package; 
V is the volume of water contacting the matrix; and C,(n) is the saturation concentration of 
radionuclide n. For small volumes of water contacting the matrix, the effective concentration is 
the saturation concentration. For sufficiently large volumes of water, the effective concentration 
is not controlled by solubility considerations ("i.e., the solubility is high and the concentration 
is determined by how much mass has been exposed and the volume of water into which it has 
dissolved" (Golder Associates Inc., 1993, p. 63).  

The low-solubility radionuclides exhibited linear, non-trivial dependence; on all the release 
parameters (Table 2-12) except the water volume contacting the matrix. These sensitivity curves 
were straight-forward and did not introduce any new insights. The sensitivity curves of the water 
volume contacting the matrix were, with one exception, expected. For 13'Pu and 237Np, the 
release is insensitive to changes in the volume. For sufficiently large values of the water volume, 
the releases of '34U and 24

3Am decreased as the volume increased. This behavior is explained in 
the same fashion as in the discussion relating to Equation 2-9. The only irregularity was the 
sensitivity curve for 126Sn: it has much more structure than any of the other sensitivity curves 
for the water volume contacting the matrix (Figure 2-42). This structure is exhibited by the wet
feet, wet-drip, and moist-continuous water contact modes. At this time, we do not have an 
explanation for the behavior of this sensitivity curve.  

As we mentioned above, some simulations were made with multiple parameter variations. The 
coefficients of the correlation matrix were generated and analyzed. A negative correlation 
coefficient implies that as the parameter increases, the release decreases; a zero correlation 
coefficient means that there is no correlation between the release and a particular parameter; and 
a positive correlation coefficient means that as the parameter increases, the release increases. The 
larger the magnitude of the coefficient, the greater the correlation between a parameter and the 
release. Thus, when many parameters are varied, the parameters with the largest correlation 
coefficients have the most influence on the release of the radionuclides.  

In the first multiple-parameter RIP RUN (RUN 2.9) we varied the moist-continuous diffusion 
coefficient (Dffn), the matrix dissolution rate (Rd), the fraction of waste wetted (f,, and the 
solubility of technetium (STC). The correlation coefficients for the 1000-realization run are 
shown in Table 2-13. Based on our discussion above, we conclude that for low-solubility 
radionuclides, 

Deff• >> Rdis , f, >> ST,.  

SBy this, we mean that the effects from varying the moist-continuous diffusion coefficient 
(Defft) overwhelm any effects seen by varying Rd, or f , which in turn overwhelm any 
effects seen by varying STC. Comparing with Tables 2-10 and 2-12, we see that this behavior
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is consistent with our earlier results. Using the same nomenclature for high-solubility 
radionuclides, 

Rdi, > fw > Denff'c 

and for 99Tc, in particular, 
Rds > fw > STC > Deff.• 

In the second multiple-parameter RIP RUN (RUN 2.10), we varied the moist-continuous 
diffusion coefficient (Deffmc), the wet-feet diffusion coefficient (Deffwf), the effective catchment 
area (As), the geometric factor for diffusion (w), the repository infiltration rate (qd), and the 
solubility of plutonium (SF.). The correlation coefficients for this 1,000-realization run are 
shown in Table 2-14. For the low-solubility radionuclides, the sensitivities are 

w > Deffwf > A, > qif >> Den,, 

and for ' 39Pu, in particular, 
Sp, > w > Deffwf > A > f >> Deff •* 

The high-solubility radionuclides do not exhibit as uniform behavior. 1291 and 79Se have near
zero coefficients for all parameters in this run. 1

35Cs has the following sensitivity: 

Deff, , w > qf > Ac >> Spu, Denwf• 

99Tc has similar behavior: 
Deffo', w > qij > A, Sp, Deffwf• 

We may combine the relations above to obtain series of relations which describe the relative 
importance of the different parameters for release of 239Pu and 99Tc. For 239pu, 

Sp, > w > Dff wf > Ac > qif >> Deffm>> Rd,, f, 

For 99Tc, 
Rd, > f, > STc > DCff , w > qif > AC, Dff wf.  

From these two relations, it can be easily discerned which are the important parameters and 
which parameters are relatively unimportant for the release of 239Pu and 99Tc.
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Figure 2-30. Sensitivity of 991i -lease to Matrix Dissolution Rate
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Figure 2-31. Sensitivity of 239Pu Release to Effective Catchment Area
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Figure 2-32. Sensitivity of 239pu Ase to Geometric Diffusion Factor
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Scatter Plot of Result vs. Paraneter 
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Figure 2-33. Sensitivity of 135Cs to Diffusion Coefficient
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Scatter Plot of Result vs. Paraneter 
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Table 2-1. Inventory of Radionuclides for Various Analyses

Radionuclide 

2 3Am 

135Cs 

1291 

2 37
Np 

2 3 9
Pu 

79Se 

126 Sn 

99Tc 

234u 

23'pa 

21opb 

226 Ra 

229Th 

23OTh 

233u 

235u 

14c

Aqueous Release 
Analyses 

(TSPA-1991 
and RIP) 

X 

X 

X 

X 

X 

X 

X 

X 

X

BOOOOOOOO-01717-2200-00010-00
7/16/93 2-59

Aqueous Release Gaseous Release 
Analyses Daughter Analyses 

Products (TSPA-1991 
(RIP Only) and RIP) 

x 

x 
x 
x 
x 
x 
x 

Xx



Table 2-2. Comparison of TSPA- 1991 Container Parameters 
with RIP Parameters

TSPA-1991 
Model 

Parameter 

No. waste 
containers 

Waste burnup 
(MWd/MTHM) 

MTHM in 
repository

TSPA-1991 
Base Case

33,300 

PWR - 33,000 
BWR - 27,500 

70,000

TSPA-1991 
Reference 

(page) 

4-29

4-14ast bum"i (MwAIN~~rm~ -, •. • llv '•ZXIV*/J.VfJt JJ. YtJO.  

4-29 Mass waste/pkg = MTHM in 
repository/# of waste containers

RIP 
Model RIP 

Parameter Base Case

No. packages PWR - 19,980 
BWR - 13,320 

PWR - 33,000 
BWR - 27,500 

2.1 MTHM/ 
container

7/16/93
BOOOOOOO-01717-2200-0001 0 .00

4-14

2-60



Table 2-3. Comparison of TSPA-1991 Inventory Parameters with RIP Parameters

TSPA-1991 
Base Case

Inventory

TSPA-1991 
Reference 

(page)(1) Ci/MTHM 
(2) Prompt release 
(3) Solubility (mol/I) 
(4) Activity (Ci/mol) 

(1) 1.54 x 10' 
(2)0 
(3) LU: 1.2x10", 3.8x10"9, 6.6x10'0 

(4) 4.84E1 

(1) 3.51 x 101 
(2) 0.02 
(3) Infinite 
(4) 1.55 x 10' 

(1) 2.95 x 10.2 
(2) 0.02 
(3) Infinite 
(4) 2.28 x 10.2 

(1) 1.12 
(2)0 
(3) LU: 5.9x10r", 1.9xlO0, 3.3x10"9 

(4) 1.67 x 10.1 

(1) 3.08 x 10.2 
(2) 0 
(3) LU: 1.6x10"1', 5.lxl"O8, 8.8x10"9 

(4) 1.49 x 101 

(1) 3.81 x 10-' 
(2) 0.02 
(3) Infinite 
(4) 5.5 

(1) 7.15 x 101 
(2) 0 
(3) LU: 1.OxlOt9, 3.2x10 7 , 5.5x10 8 

(4) 3.58 

(1) 1.23 x 10"' 
(2) 0.02 
(3) Infinite 
(4) 1.68 

(1) 1.89 
(2) 0 
(3) LU: 7.1x10r", 2.3x10"8. 4.0x10 9 

(4) 1.46

4-13 
4-13 
4-13 

Wilson, 1993 
4-13 

4-13 
4-13 
4-29 
4-13

LU = Log-Uniform: min, max, expected values 

'Ci/container = Ci/MTHM • 2.1 mthm/container

B00000000-01717-2200-00010-00
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4-13 
4-13 
4-29 
4-13 

4-13 
4-13 

Wilson, 1993 
4-13 

4-13 
4-13 

Wilson, 1993 
4-13 

4-13 
4-13 
4-29 
4-13 

4-13 
4-13 
4-29 
4-13 

4-13 
4-13 

Wilson, 1993 
4-13 

4-13 
4-13 
4-29

43Am

"79Se

12Sn

99
Tc

RIP 
Base Case 

(1) Ci/containee 
(2) Gap fraction 
(3) Solubility (g/m') 
(4) Activity (Ci/g) 

(1) 32.34 

(2) Infinite (3) LU: 2.92x10"6 9.2x104, 1.6x10 

(4) 2 x 10i1 

(1) 7.37 x 10.2 
(2) 0.02 
(3) Infinite 
(4) 1.15 x 10i 

(1) 6.19 x 103 2 

(2) 0.02 
(3) Infinite 
(4) 1.77 x 10-4 

(2) 2.35 
(2) 0 
(3) LU: 3.4x10"5, 4.2x10", 7.82xx104 
(4) 7.06 x 10-4 

(1) 6.47 x 101 

(2) 0.02 
(3) LU: 3.82xI, 1.22xi 2.  
(4) 6.22 x 10.2 

(1) 8.0 x 10' 
(2) 0.02 
(3) Infinite 1-2 
(4) 6.98 x2 

(1) 1.50 
(2) 0.02 
(3) LU: 1.26xIf4, 4.03x 6.93x 
(4) 2.84E-2 

(1) 2.58 x 101 
(2) 0.02, 
(3) Infinite 
(4) 1.7 x 10.2 

(1) 3.97 
(2) 0 
(3) LU: 1.66x105 , 5.38x10, 9.36x10 4 

(4) 6.26E-3

12191

234U



Table 2-4. Comparison of TSPA-1991 WP Failure Parameters with RIP Parameters

TSPA-1991 
Model 

Parameter 

Beginning of 
resaturation 
period (yr) 

Duration of 
resaturation 
period (yr) 

Container 
lifetime when 
wet (yr)

FTSPA-1991
Base Case

300

1,000

LU: 500, 
10,000, 3,170

TSPA-1991 
Reference 

(page) 

4-29

4-29

4-29

Primary container 
failure definition: 
start at 800 years 

Primary container 
failure definition: 
start at 800 years

Secondary
container failure

Uniform: 800 - 1,800 years

Uniform: 800 - 1,800 years 

1) Weibull: 1, 1650 

2) LU:. 500-10,000; gradual 
failuile 

3) LU: 500-10,000; all fail at 
once , 

4) LU: 500-10,000; sample 
maximum failure and fail 
gradually to that time

LU = Log-Uniform: min, max, expected value

7/16/93
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RIP Model 
Parameter RIP Base Case
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Table 2-5. Comparison of TSPA-1991 Exposure Parameters with RIP Parameters

K-

TSPA-1991 
Model 

Parameter 

Fraction of containers 
with rubble in air gap 
(f,)

Fraction of fuel wet 
with seepage 

(f.,)

Fraction of fuel wet 
and diffusing 

(f.d)

Nominal case - no 
release

Matrix alteration rate 
(am) (i/yr) 

Prompt alteration rate 
(%) (I/yr) 

Spent fuel surface area 
per package 
(A) (inm) 

Water film thickness 
(d,1 .) (nun)

TSPA-1991 
TSPA-1991 Reference 
Base Case (page)

0.5

0.5

0.5

LU: 5.0 x 10"s, 
1.0 x 103, 3.17 

x 104

0.5

140

4-29

4-29

4-29

4-29

Model Parameter

(1) Fraction of containers in 
water contact mode 3 
- moist continuous 

(2) Fraction of waste wetted 

(3) Effective catchment area 
(ECA) 

(4) Effective diffusion coefficient 
(EDC) 

(1) Fraction of containers in 

water contact mode 2 
- wet drip 

(2) Fraction of waste wetted 
(3) ECA 
(4) EDC 

(1) Fraction of containers in 
water contact mode 1 
- wet feet 

(2) Fraction of waste wetted 
(3) ECA 
(4) EDC

(1) Fraction of containers in 
water contact mode 4 

- nominal case

RIP Base Case 

0.25 

0.5 

0 

SNL moist diff. coeff.  
(LU: 3.0x 10-1 

3.0 x 10-4) 

0.25 

0.5 

0 

0.25 

0.5 

1 
SNL wet diff. coeff.  

(LU: 9.0 x 10-4 
9.0 x 10-') 

0.25

Air alteration rate 0

Matrix dissolution rate (g1ml/yr) 

Surface area of matrix (m2/g) 

(combined with matrix dissolution 
rate)

LU: 5.0 x 10"6, 1.0 X 103, 
3.17 x 10-4

4-29 N/A -- RNs put in gap fraction 

Included in water volume contacting 

matrix (Mi) (=surface area • water 0.07 
4-29 film thickness - fraction of fuel 

wet) 

4-29 Included in water volume contacting 0.07 
matrix (mi)

LU = Log-Uniform: min, max, expected value 
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Table 2-6. Comparison of TSPA-1991 Transport Parameters 
with RIP Parameters

TSPA-1991 
Model TSPA-1991 

Parameter Base Case

Moist diffusion 
coefficient (m2/yr)

Wet diffusion 
coefficient (m2/yr) 

Flux coefficient of 
variation 

Percolation rate 
(mm/yr)

Effective diffusion area 
(i 2) 

Fraction of seepage 
through k.. actually 
entering container 

Water collection area 
(Aubl) (m2) 

Rubble thickness (cm)

LU: 3.0 x 10"6, 
3.0 x 10, 

6.45 x I0"s 

LU: 9.0 x 10', 
9.0 x 103, 
3.52 x 10's 

1.3

Beta: 1.I, 0, 
39

4-29

4-29 

4-29

3-21

i i
0.172

0.5

2

3

4-29 

4-29

4-29 

4-29

Effective diffusion 
coefficient (m2/yr) 

Effective diffusion 
coefficient (m2/yr)

None

Repository infiltration 
rate (m/yr)

Geometric factor for 
diffusion (in)

N/A (see effective 
catchment area) 

Effective catchment area 
(m 2

) = water collection 
area • fraction of 
Qp• t~ntlr . .';-•n

container Contact 4 = 0 
container 
Delay pathway (only in 3 cm moist continuous)

LU: 3.0 x 10.6, 
3.0 xt-, 
6.45 x 10.' 

LU: 9.0 x 10', 
9.0 x 10"3, 
3.52 x IO13 

Beta: 1.0 x 10"w, 
9.0 x lot 

0, 
3.9 x 10.r 

(only for contact 
modes 1,2) 

0.1 (only for 
contact modes 
13)

Contact 1 = 1 
Contact 2 = 1 
Contact 3 =0

LU = Log-Uniform: min, max, expected value 

7/16/93 
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Table 2-7. Major Parameter Differences between RIP Simulations

Log-Uniform 
WP Nine 

Failure RNs 

Distribution 

N N 

y N 

Y Y 

Y Y 

y* Y 

y* Y 

y* Y 

y* Y

Hi-Solubility 
for •lTc, 

135Cs 

N 

N 

N 

Y 

Y 

Y 

Y 

Y

Revised 
Failure 
Distri
bution 

N 

N 

N 

N 

Y 

Y 

Y 

Y

Implement 

Cs, fr WP Air 
Distribution Gap 

Calculations 

N N 

N N 

N N 

N N 

N N 

y 2 N 

Y Y 

Y Y

* Log-uniform distribution is implemented in the start time of the secondary container failure 

distribution.

B00000000-01717-22 0 0 -00010- 0 0
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Run

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8

Figure 
No.  

2-13 

2-14 

2-15 

2-16 

2-17 

2-18 

2-19 

2-20
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Table 2-8. Comparison of Peak Values for Individual Radionuclide Release 
(Ci/yr) 

Radionuclide TSPA-1991 Run 2.8 Run 2.5 Run 

SOLUBILITY-LIMITED 
237Np 3.2 x 10.' 2.6 x 10-1 2.6 x 10-1 2.6 x 

pu 8.0 x 10"- 6.1 x 10"s 6.1 x 10s 6.1 x 
243Am 1.9 X 10-3 1.5 x 10-3 1.5 x 10.' 1.5 x 

234U 3.4 x 10' 2.7 x 10' 2.7 x 10' 2.7 x 
16Sn 1.2 x 10.2 9.3 x 10-3 9.3 x 10-3 9.3 x 
ALTERATION-LIMITED 
1291 0.10 0.17 0.18 0.1 
13CSs 0.88 2.0 2.1 1.3 
795e "1.2 2.1 2.2 1.4 

99Tc 40 70 73 46 

7/16/93
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Table 2-9. High-Solubility Radionuclides (99Tc) Waste Alteration Sensitivity Analyses 

Expected Sensitivity Sensitivity Due To 
Parameter Range Value Modes 

Matrix dissolution rate 0.84- 16.8 533 Log-like: 

(g/m2/yr) 440% increase 

Fraction of waste 0.0- 1.0 0.5 Log-like: 

wetted 2900% increase 

Linear:(') 0-90: 
m, = 2,700 

120 - 9,000: WWM 

Solubility (gum 3) 0.035 - 990,000 12,540 1 20 - 5.2 WF, WD, MC 

9,000 - 9.9 x 10"5: 
m3 = 0 

(1) The sensitivity curve is a series of three line segments, decreasingly steep as the solubility 

increases. The transition from one line segment to the next is smooth, and it does not 

appear that there are discontinuities in slope.

Table 2-10. Low-Solubility Radionuclides (V39pu) Waste Alteration Sensitivity Analyses

Parameter Range Expected Sensitivity Sensitivity Due To 
Value Modes 

Matrix dissolution rate 0.84 - 16.8 5.33None 1  N/A 

(g/m 2/yr) 
I None(') 

Fraction of waste 0.0 - 1.0 0.5 None(2) N/A(2) 

wetted

Solubility (g/m3) 3.8 x 10"' - 0.012
_____________ J ___________ L

0.0021 Linear: m = 10,627 WF, WD, MC

(1) Of the low-solubility radionuclides, only 126Sn exhibits any sensitivity to changes in the 

matrix dissolution rate. The release increases linearly (m=0.004 ) until it becomes constant 

at Rds=10. Tin has a higher solubility than the other low-solubility radionuclides, and this 

accounts for its sensitivity. The wet-feet and wet-drip modes are the important mechanisms 

for this release.  

(2) 239 Pu and 237Np are not dependent on f, but the release of 234U and l26Sn increase and then 

becomes constant as f, increases. However, the overall increases are relatively small (0.1% 

and 0.7%, respectively). The release is dependent on the WF, WD, and MC modes.

B00000000-01717-22 0 0 -00010-00
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Table 2-11. High-Solubility Radionuclides (9 Tc) Release Parameter Sensitivity Analyses

Parameter

Repository infiltration 
rate (m/yr)

Water volume 
contacting matrix

MC diffusion 
coefficient (m2/yr) 

WF diffusion 
coefficient (m2/yr) 

Geometric factor for 
diffusion (m)

Effective catchment 
area (m2)

Range Expected 
Value 

0.0 - 0.039 0.001

T I

0.001 - 10 0.07

Sensitivity Sensitivity Due 
to Modes 

0 - 0.00008: linear 
m -.-1 9. 1f"9

urnl: ntrrm

0.0004 - 0.039: constant

Monotonically decreasing:

244%

3 x 106 - 3 x 10.4 6.45 x 10'

9 x 10 4 - 9 x 10. 1 3.52 x 10-3

0.1 - 10.0

0.1 - 10.0

1.0

0 - 0.0006:1" 
linear: m = 1.5 x 109 

0.00006 - 0.0003: constant 

None

Left-most point'2'

WF, SD, MC

MC 

N/A

MC $ -�. *1 ________

1.0 None(3)

L __________________________ I _________

(1) The sensitivity depends on the radionuclide and the range of values of the parameter of 
interest. The release of "'Cs increases linearly over the entire range of interest. 99Tc and 
79Se increase linearly before they become constant, and 1291 is constant.  

(2) The sensitivity depends on the radionuclide. 1'5Cs increases linearly from 0.1 to 3.2, with 
a slope m = 1270, then becomes constant at w = 3.2. 99Tc seems to have a similar 
dependence, only it is shifted left so that almost all the linear rise is outside the range of 
interest. The sensitivity curves for "29I and 79Se are shifted over even more, so that the 
0.1 - 10 window covers the constant region only; there is no dependence.  

(3) As for the two comments above, the sensitivity to A& depends on the radionuclide. 135Cs 
release increases linearly, then becomes constant. The sensitivity arises from the wet-drip 
waste packages. 798e, 99Tc, and '291 are constant over the range of interest.
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Table 2-12. Low-Solubility Radionuclides ( 39Pu) Release Parameter 

Sensitivity Analyses

Expected Sensitivity Sensitivity Due 

Parameter Range Value to Modes 

Repository infiltration 0.0 - 0.039 0.001 Linear: m = 19,000 WF, WD 

rate (m/yr) 

Water volume 0.001 - 10 0.07 None') N/A(1) 

contacting matrix 

MC diffusion 3 x 1MC' - 3 x 10.4 6.45 x 10.' Linear: m = 95W: MC 

coefficient (m2/yr) 

WF diffusion 9 X 104 _ 9 X 10-1 3.52 x 10.3 Linear: m = 953 WF 
coefficient (m2/yr) 9 

Geometric factor for 0.1 - 10.0 1.0 Linear: m = 33.9 . WF, MC.  

diffusion (in) 

Effective catchment 0.1 - 10.0 1.0 Linear: m = 19.0 WF, WD 

area (M
2 ) 

"(1) The releases of .2 39Pu and 237Np are constant. For sufficiently large volumes, the releases of 
234U, 243Am, and 126Sn decrease as the volume increases. The dependence is due to the WF, 

WD, and MC water contact modes.
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Table 2-13. Correlation Coefficients for RUN 2.9

RN Defmc RdIs ST.  

WAm 0.901 0.045 0.031 -0.00 

3
7Np 1.005 0.054 0.045 -0.00 

23Pu 1.013 0.055 0.046 -0.00 

'1Sn 0.104 0.034 0.063 0.008 

2mU 0.909 0.044 0.027 -0.00 

'35Cs 0.120 0.710 0.618 -0.00 
1291 0.077 0.711 0.618 -0.00 

"79Se 0.077 0.714 0.609 -0.00 

"9 Tc 0.115 0.378 0.336 0.226 

Table 2-14. Correlation Coefficients for RUN 2.10 

RN Def,• Demic Ar w qjnt SP.  

ZAM 0.362 0.008 0.335 0.640 0.290 -0.03 

27Np 0.362 0.008 0.335 0.640 0.290 -0.03 

239pU 0.149 -0.00 0.143 0.296 0.113 0.562 

'26Sn 0.361 0.008 0.336 0.640 0.290 -0.03 

BU 0.362 0.008 0.335 0.640 0.290 -0.03 

'13Cs -0.00 0.504 0.176 0.501 0.297 0.014 

129I -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 

"79Se 0.001 0.001 -0.00 0.000 0.000 0.000 

"99Tc -0.04 0.397 -0.02 0.394 0.058 0.029
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3. AQUEOUS FLOW AND TRANSPORT TO THE ACCESSIBLE ENVIRONMENT 

- This section presents the analyses related to aqueous transport of radionuclides from the potential 

repository to the accessible environment, through the unsaturated and saturated flow zones. The 

approach adopted by Sandia National Laboratories for TSPA-1991 (Barnard et al., 1992) is 

described briefly, along with their choice of the different hydrogeological and geochemical 

parameters. The present approach to these analyses with RIP uses different models which 

involve different conceptualizations of the flow and transport regimes. These conceptualizations 

are also described here, together with the parameters used for these analyses.  

The present analyses use the same definitions of the problem domain and stratigraphy used in 

TSPA-1991. Most of the hydrogeologic and geochemical parameters are common to the previous 

analysis of Barnard et al. (1992). The RIP analysis seeks to use the same values for such 

parameters. However, RIP imposes restrictions on the parameter distributions which are different 

from those in TSPA-1991 (Barnard et al., 1992). The present analyses incorporate such required 

modifications in the distributions of those parameters.  

This section also presents the results of the RIP simulations and compares them with those of the 

TSPA-1991 (Barnard et al., 1992) analyses.  

3.1 PROBLEM DOMAIN 

The details related to the definition of the problem domain and the stratigraphy are presented 

"• here. These are taken directly from TSPA-1991 (Barnard et al., 1992).  

The flow and transport problem domain sampled the volume directly beneath the potential reposi

tory to the water table and, in the saturated zone, out to the accessible environment. Figure 3.1 

shows the boundary of the potential repository. A 2-D cross-section across the potential 

repository block was chosen in TSPA-1991 to represent unsaturated-zone hydrologic conditions 

throughout the potential repository block (Figures 3-1 and 3-2). The potential repository was 

divided into six equal subregions. Each subregion is represented by a vertical column for 

simulating unsaturated flow. The subregions and the location of the columns are shown in 

Figure 3-1.  

The saturated zone parameters used in TSPA-1991 were based on flow models by Czarnecki and 

Waddell (1984) and Czarnecki (1985).  

A five-layer model was used in TSPA-1991 to define the unsaturated zone (Figure 3-3). The 

layers represent different types of ash-flow tuff observed at Yucca Mountain. From the top of 

the domain to the bottom, the layers are given in Table 3-1. The elevations of each layer are 

summarized in Table 3-2.  

The percolation rate was modeled in TSPA-1991 by a beta distribution with a total range from 

0.0 to 39 mm/year with a mean of 1.0 mm/yr.

B00000000-01717-2200-00010-00
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3.2 CONCEPTUALIZATION AND MATHEMATICAL MODEL (TSPA-1991) 

Two different conceptual models of flow in the unsaturated zone are studied in TSPA-1991: 
(1) the composite-porosity model that combines matrix and fractures into a single composite 
porosity medium for analysis; this model permits unrestricted water movement between fractures 
and matrix; and (2) the weeps model, a model that depicts essentially all of the percolating water 
traveling down fractures. The potential repository thermal effects are ignored. Radionuclide 
retardation during transport is modeled by a simple distribution coefficient (Kd).  

In the TSPA-1991 analyses using the composite porosity model, the characteristic curves, i.e., 
the relative permeability versus the capillary pressure and saturation curves used to describe the hydrologic properties of the matrix and fractures, determine the distribution of flow between 
matrix and fractures. These curves for the matrix and fractures are dissimilar, and as a result 
flow tends to reside primarily in the matrix until the flux exceeds the saturated conductivity of 
the matrix, at which point the excess flow would be diverted into the fractures.  

Models that allow the matrix and fractures to be completely decoupled (e.g., the weeps model) 
result in markedly different steady-state flow solutions. The results of such models are not 
comparable to the analyses presented herein, which assume a composite-porosity formulation.  
The details of such models, pursued in TSPA-1991, are not presented here.  

Figure 3-3 shows the six columns used for the composite-porosity model in TSPA-1991 and this 
study. The top of each column is 10 m above the repository horizon. Elevations for each of the 
units within each column, and at each drill hole, are presented in Table 3-3.  

For the TSPA-1991 calculations, the saturated zone was simplified to a one-dimensional flow 
tube 5000 m in length. For every calculation, radionuclides released from the repository were 
provided as a point-source to the flow tube underlying the potential repository.  

The transport model in the TRANS module of TOSPAC is a one-dimensional dual-porosity 
model of solute transport, containing two generalized advection-dispersion differential equations.  
The equation models retardation and the transfer between matrix and fracture due to advection 
and diffusion mechanisms. The model is used for transport both in saturated and unsaturated 
zones.  

The parameter distributions used by the TSPA-1991 analyses are given in Tables 3-4 through 3-9.  
Most of the distributions are taken to be described by beta distributions. In addition, these tables 
also provide the distributions as used in the present analyses using the RIP code.  

The Yucca Mountain tuffs were represented by three rock types for purposes of defining the 
sorption-coefficient distributions: devitrified, zeolitic, and vitric. The relationship between those 
rock types and the stratigraphy defined earlier is shown in Table 3-9. The distributions of Kd 
values for the different nuclides in the different rock types are shown in Table 3-10.

7/16/93
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3.3 RIP MODEL: FLOW AND TRANSPORT SIMULATION CAPABILITY 

In the RIP model, the physical domain of flow and transport is represented as a network of one

"dimensional legs, designated as pathways. Each leg may have flow in one mode or in several 

modes. When there are multiple modes in a leg, each mode relates to one flow velocity. A leg 

with one mode may represent a homogeneous medium. In a leg with two modes, for example, 

mode 1 can correspond to flow in a fracture, while mode 2 can correspond to flow in the matrix.  

For purposes of the present application, a maximum of two modes is used. In each mode 

(fracture and matrix), the flow velocity is considered uniform (constant) for a given leg. The 

degree of interaction between the modes is governed by the choice of a Poisson transition rate 

parameter.  

In reality, the RIP model cannot simulate flow conditions. It demands an input of flow velocity 

(interstitial), either directly or indirectly. It requires input of flow parameters such as flow rate 

(Q), the cross-sectional area of the leg (A), and porosity (0), and computes the interstitial velocity 

(v), by: 
V Q (3-1) 

The user may input interstitial velocity for each mode directly, which then overrides the above 

computed value. When there are two modes, the user also needs to input the flow fraction for 

the fracture mode. The input parameters may be given as numerical values, or as algebraic or 

logical functions of other input parameters. The model does not distinguish between saturated 

and unsaturated flow conditions.  

The transport simulation within RIP consists of two stages. The principle behind the actual 

algorithm may be explained as follows: 

"* Computing a breakthrough curve and deducing an impulse source response function 

"* Convolution of the source rate with the impulse source response to give the nuclide 

release rate.  

For legs with a single flow mode, the analytical solution for the one-dimensional advection

dispersion transport equation is used to generate the breakthrough curve. For this purpose, the 

dispersivity of the medium needs to be input.  

For legs with multiple modes, a Markov process algorithm is used to generate the breakthrough 

curve. In RIP, a simplified version of the Markov process is implemented. In the Markov 

process, a particle is released into the flow system and may enter mode I or mode 2. The 

probability of the particle entering any mode is proportional to the flow fraction for that mode.  

The particle travels a random length in that mode, and then tranfers into the other mode (in a 

system with only two modes, as in the present application). In a true Markov process, the 

process of traveling a random length in a given mode and transitioning to the next mode may 

occur a number of times before the particle exits the leg. In the simplified version implemented 

in RIP, the particle travels only one random length in the given medium, with the remaining
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length of the leg traveled at the temporal mean velocity of the two modes. An analytical 
expression for the cumulative distribution function of the travel times for this simplified Markov 
process is available and is used to represent the breakthrough curve. (For a true Markov process, 
random simulation of travel times is required to obtain the CDF, which constitutes the 
breakthrough curve.) Breakthrough curves are derived separately for each radionuclide, 
considering their retardation factors. The impulse source response can be constructed by a 
procedure of numerical differentiation.  

For numerical implementation of the above scheme, discretization in the time domain is done as 
follows. Discrete time points are defined by: 

0, At, fAt, f2At, f3At, f4At, etc.  

where At is a user-specified time step and f is a time-stepping factor, set at f = 2 in the current 
version of RIP. For example, if At = 100 years, the time points would be: 

0, 100, 200, 400, 800, 1600, etc.  

Consider, for example, the time window from 800 years to 1600 years. The mass of nuclides 
released during this time window is the difference between the ordinates of the breakthrough 
curve at 1600 years and 800 years. This mass is released at the end of the leg, at a uniform rate, 
starting from 800 years to 1600 years. (This corresponds to a piece-wise linear approximation 
of the breakthrough curve.) Further, nuclide decay will also be accounted for during this time 
period. This numerical algorithm produces an earlier breakthrough than the true case (see 
Appendix B). The error of the earlier breakthrough. time reduces if f is chosen closer to one, but 
this dramatically increases the run time.  

The parameters governing the nuclide release rates, which are essential inputs, are: 

"• Length of the leg 
"• Flow proportions of each mode 
"° Flow velocity in each mode (v) 
• Retardation factors (R) 
* Poisson transition rate (k).  

The Poisson Transition Rate parameter, X, is a parameter defining the exponential distribution, 
which is assumed for random travel length in a mode. The reciprocal of X gives the particle's 
mean length of travel in the mode. The standard deviation for this distribution equals the mean 
value.  

3.4 CONCEPTUALIZATION OF FLOW AND TRANSPORT IN RIP 

The problem domain, stratigraphy, and the six one-dimensional vertical columns used for 
unsaturated flow in the composite-porosity model of TSPA-1991 have been used with our RIP 
analyses without modifications. Also, the horizontal leg for the saturated flow is used in exactly 
the same way as in the TSPA- 1991 analysis. The differences that arise due to the code features 
are described below.
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The six vertical columns shown in Figure 3-3 and defined in Table 3-3 are used for simulating 

the unsaturated flow. Each stratigraphic unit is treated as one leg (or pathway) per column.  

Thus, columns 1 through 4 have five legs each, while columns 5 and 6 have four legs each, 

"•- giving a total of 28 legs for unsaturated flow.  

As mentioned earlier, the RIP code does not distinguish between saturated and unsaturated flow.  

However, the special input capabilities of the code have been exploited to mimic the physics of 

unsaturated flow. In this analysis, the legs simulating unsaturated flow have been assigned two 

modes, corresponding to the fracture and the matrix. The logic presented below describes the 

apportionment of the infiltration rate between the matrix and the fracture. This logic is designed 

to mimic the physics of the composite-porosity model of TSPA-1991.  

It is known that the matrix can carry the infiltration at a maximum rate equal to the saturated 

hydraulic conductivity of the matrix (under a unit hydraulic gradient). Thus, if the infiltration 

rate is less than the saturated hydraulic conductivity of the matrix, the entire infiltration would 

pass through the matrix, with no flow in the fractures. If, however, the infiltration rate is higher, 

the matrix carries the flow rate equal to its saturated hydraulic conductivity, and the balance will 

be carried by the fractures. This conceptualization is illustrated in Figure 3-4. The composite

porosity flow model, which can simulate the physics of unsaturated flow, with complete 

interaction between fractures and the matrix, results in a similar apportionment of flow between 

matrix and fractures. It may be noted that the RIP model does not use soil characteristic 

parameters that define the water-retention properties of the matrix and fractures. (These are used 

by the composite-porosity model of TSPA-1991.) For the determination of the interstitial pore 

velocity, the matrix is assumed to be fully saturated. The degree of saturation in fractures is 

assumed to be 10% (see Appendix C).  

The geometry of the one-dimensional leg used for the simulation of saturated flow is the same 

as in the TSPA-1991 analysis. All the input parameters used (velocity, porosity, retardation 

parameters) are also the same as in the TSPA-1991 analysis. In RIP, this leg is used with one 

mode which corresponds to a homogeneous porous medium.  

The transport parameters used in the RIP analysis, such as retardation parameters for the 

unsaturated and saturated zones, and dispersivity for saturated zones, remain the same as those 

used in TSPA-1991. A new transport parameter, the Poisson transition rate, X, is required as 

input to RIP. Although this parameter has limited physical significance, it is an important model 

input for the two-mode (fracture and matrix) transport in the unsaturated zone. The sensitivity 

of the results (e.g., EPA sum at the accessible environment) are investigated for a range of values 

of X (10-8, 10o, 10-2, 10o', 100, 10', 10' ref') by repeating the stochastic simulations of 1,000 

realizations for each value of X chosen.  

The parameters used for the RIP model, and their distributions, are essentially the same as used 

in the TSPA-1991 analysis. It has already been noted that the RIP model does not use the soil 

characteristic parameters characterizing the water-retention properties of the matrix and fractures.  

For this analysis, the Poisson transition rate X value has been kept as constant and is not defined 

by a distribution. Most of the probability density functions are defined by beta distributions.  

The RIP model imposes some restrictions on the beta distributions. For example, the coefficient 

of variation (Cv) should be less than one for RIP, while many of the beta distributions in 
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TSPA-1991 have a CQ of unity. Similarly, the range between the maximum and minimum should 
be less than 40 times the standard deviation in the RIP model. Thus, the beta distributions input 
to the RIP model are different from those in TSPA-1991. However, those differences are 
insignificant and are not considered to have any effect on the results.  

Tables 3-4 through 3-9, which show the distributions for the different parameters used in 
TSPA-1991, also show the corresponding values used for the RIP model.  

3.5 RESULTS OF RIP SIMULATIONS 

Several simulations have been performed for the flow and transport through the unsaturated and 
saturated zones. The results from the RIP model are compared with those from the TSPA-1991 
analysis. For purposes of presentation, these results are separated into three categories: 

• Verification tests for RIP (see Appendixes B and C) 
• CCDFs for nuclide release 
* Sensitivity analyses.  

3.5.1 Distribution of Nuclide Releases 

Using the RIP model, 1,000 realizations of the stochastic input parameters are generated and the 
nuclide releases at the end of a 10,000-year period for each realization are computed. The 
10,000-year release has been computed 

"* At the edge of the EBS 
"* At the end of the unsaturated flow zone, i.e., at the water table 
"• At the accessible environment.  

Figure 3-5 presents conditional CCDFs for aqueous releases from the EBS, from the unsaturated 
zone, and to the accessible environment, as calculated by RIP for the particular case of X, = 0.1 
m-1 (RUN 3.1). The plot shows the probability of exceeding a given release in terms of the EPA sum.  

The cross-hatched area in Figure 3-5 indicates regions where the EPA limit is exceeded; however, 
it applies only to releases to the accessible environment (the normalized releases from the EBS 
and from the unsaturated zone are not actually EPA sums because they do not represent releases 
to the accessible environment). Also, note that the EPA sums shown in Figure 3-5 are really 
partial EPA sums because they include only aqueous releases and not releases by other 
mechanisms, such as gaseous releases or other scenarios.  

The figure indicates that the calculated aqueous releases to the accessible environment are 
approximately two orders of magnitude below the EPA limit. The releases to the water table are 
well below those from the EBS, indicating that the unsaturated zone provides an important barrier 
to the release of radionuclides. As indicated on the plot, however, the saturated zone adds little 
additional impediment to the radionuclides. Although matrix diffusion and radionuclide 
retardation are just as operable in the saturated zone, the ground-water travel time for the present

BOOOOOOOO-01717-2200-00010.007/16/93 3-6



saturated-zone model is only about 1200 years and the unretarded radionuclides are transported 

relatively quickly through the saturated zone to the accessible environment.  

"Figure 3-6 shows the releases to the accessible environment, normalizing the EPA limits as 

contributed by 99Tc and 129I and the total release for the case X = 0.1 mn'. It may be noted that 

these nuclides are unretarded through the saturated and unsaturated zones and provide the bulk 

of the cumulative release over the 10,000-year time period of interest.  

It may be recalled that, in the present application of RIP, the important transport parameter, the 

Poisson transition rate, X, has been kept constant across all the 1000 realizations generated for 

deriving the CCDF. The CCDF result presented earlier corresponds to the case of X = 0.1 m', 

which happens to be the closest to the TSPA-1991 analysis. To determine the sensitivity of the 

results to this parameter, CCDF computations have been repeated for several other values of X: 

10-l, 10-1, 10-l, 101, 1, 10 m-. Figure 3-7 shows the results for two values of X, 0.01 and 0.1 mt, 

which bound the CCDF from the TSPA-1991 analysis. It can be seen that the X = 0.1 m1 case 

is closer to the CCDF derived by the TSPA-1991 analysis. Figure 3-8 presents CCDFs for the 

EPA sum for all the ?, values cited above and the CCDF for the TSPA-1991 analysis. The 

releases increase with decreasing X, as expected and in agreement with the definition of X. It 

may be recalled that K is a measure of the interaction between the matrix and the fracture, with 

smaller Xs denoting less interaction. Thus, smaller Ks generate more fracture transport leading 

to higher releases. It is interesting to note that, for all K less than 10' mt, the CCDFs are 

insensitive to the K chosen.  

Although the above results indicate that it is possible to reproduce the TSPA-1991 results with 

a properly chosen matrix-fracture transition rate (K) in RIP, there is little physical basis for how 

"one should choose an appropriate value of K. In order to test the importance of K, in comparison 

to the simulated numerical results generated with TOSPAC, we conducted a number of single 

column "tests." These results (presented in Appendix C) indicate that using the two-mode 

approximation of fracture-matrix flow and transport in RIP overpredicts the mass breakthrough 

in comparison to TOSPAC (or TRACR3D). While fracture-matrix flow is important in layers 1, 

2, and 4, layers 3 and 5 are predominantly matrix flow for virtually all realizations. As a result, 

we conducted additional "tests" treating these matrix-dominated flow layers as one-mode flow 

and transport media in RIP. This produced much better breakthrough curves (in comparison to 

the dispersion-dominated breakthrough predicted in the numerical models; see Appendix C). In 

order to test the significance of this on the CCDF, we conducted a simulation with layers 3 and 

5 treated as equivalent porous media for all six unsaturated zone columns. (Note: layer 5 does 

not exist in columns 5 and 6.) The results of this simulation are presented in Figure 3-9. These 

results match the TSPA-1991 results very well.  

While it is possible to compare CCDFs to determine qualitatively how well RIP is able to 

reproduce the results presented in TSPA-1991 (Barnard et al., 1992), it is also useful to compare 

other measures of performance. Figures 3-10a through 3-10e display time history plots of 

radionuclide releases to the accessible environment for 99Tc, "I, 237Np, 234U, and 79 Se, 

respectively. For the case K = 0.1 m"l these plots can be compared with Figure 4-45 of Barnard 

et al. (1992), reproduced here as Figure 3-11. While our plots are linear-linear rather than the 

log-log plots presented in TSPA-1991, it is apparent that, in general, the RIP peaks occur a little
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earlier than those in TSPA-1991, and are either slightly higher or slightly lower than the 
maximum release rate determined in TSPA-1991.  

3.5.2 Sensitivity Studies 

The RIP model has been used to perform sensitivity studies. For this purpose, all the parameters 
are kept at their expected values, except for the parameter whose sensitivity is studied. For that 
parameter, the stochastic description using its probability density function is retained. Two 
hundred realizations of the sensitivity parameter are generated and simulated. Since only one 
parameter varies across the realizations, a scatter-plot of the 10,000-year EPA sum and the 
chosen parameter provides an understanding of the sensitivity.  

The chosen parameters of sensitivity are: 

• Infiltration rate 
• Matrix hydraulic conductivity in layer 3 
* Poisson transition rate (k).  

Figure 3-12 shows the scatter plot of infiltration flux versus cumulative release. The EPA sum 
is directly related to the infiltration rate. The EPA sum would increase continuously with 
infiltration. For comparison, Figure 3-13 illustrates the sensitivity of cumulative release to the 
infiltration flux when all parameters are sampled. There is clearly a very high correlation 
between infiltration and release in both cases.  

Figure 3.14 shows the sensitivity of the release to the matrix hydraulic conductivity in layer 3.  
If the matrix hydraulic conductivity is greater than the infiltration rate, no flow occurs in the 
fractures. Since the expected infiltration rate is 1 mm/year, matrix hydraulic conductivities equal 
to or greater than 1 mm/year cause the fractures to be dry. In these cases, the total release 
depends on the travel time through the matrix and does not change for values of hydraulic 
conductivity greater than 1 mm/year (all other parameters constant). This aspect becomes evident 
in the scatter plot, shown in Figure 3-14. Furthermore, when the matrix conductivity is lower 
than 1 mm/year, the infiltration goes partly through fractures, and thus greater releases are seen 
at the accessible environment. A greater proportion of the infiltrating water goes into fractures 
as the matrix conductivity is reduced progressively below 1 mm/year, resulting in larger releases 
at the accessible environment.  

Figure 3-15 presents the scatter plot of the EPA sum versus the Poisson transition rate. The 
range of X is from 0.01 to 0.1, the limits between which the CCDF of the TSPA-1991 analysis 
remains bounded. As expected, the EPA sum decreases for increasing X. If X was chosen over 
a wider range, it would have shown that, for values of X smaller than a particular value, , the 
EPA sum would remain constant. Similarly, when X is increased beyond a particular value k.ax, 
the nuclide releases would reach a small value and would then remain invariant with a further 
increase in X.
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3.5.3 Additional Sensitivity to Infiltration Flux 

The net flux at the potential repository is one of many uncertain parameters. A range of values 

- has been developed, generally with 1 mm/yr as the expected value. Additional simulations were 

conducted to determine the effect of using different infiltration distributions. The four 

distributions used in these additional simulations are listed in Table 3.11.  

The infiltration distributions are presented graphically in Figures 3-16a to 3-16e. Figure 3-16d 

shows the distribution when sampled 1000 times, rather than the theoretical results. These 

distributions were applied to the case X = 0.1 nf'.  

When evaluated at the edge of the waste package domain, the different infiltration distributions 

had no discernible effect on release. This reflects the fact that the high solubility, alteration

limited radionuclides, 99Tc and 1291, control the release from the EBS. However, at the accessible 

environment, the differences are quite pronounced. The results for the four simulations using 

different infiltration distributions are presented in Figures 3-17a to 3-17d. Note that the results 

for the beta distribution (RUN 3.1) are presented in Figure 3-5.  

When compared with the CCDF for the release (Figure 3-5) corresponding to the beta distribution 

for infiltration (RUN 3.1), run 3.2 produces greater release; RUN 3.3 produces even greater 

release; RUN 3.4 produces greater release than RUN 3.1 but less than RUN 3.2; and RUN 3.5 

produces the greatest release. These differences can be explained by reviewing the infiltration 

distributions. The uniform infiltration distribution has a higher probability for exceeding higher 

infiltration values than does the log-uniform distribution. The log normal infiltration distribution 

has a greater probability for low infiltration values and a lower probability for high infiltration 

values than the beta distribution and the log-uniform distribution. The distribution for RUN 3.5 

is higher than the other distributions, with 64 percent probability that the values will be greater 

than or equal to 5.0 mm/yr. The sensitivity to the infiltration flux distribution shape and range 

is as expected, given the high correlation between flux and release exhibited in the sensitivity 

analyses (Figures 3-12 and 3-13).  
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Figure 3-1. Map of the Boundary of Potential Repository at Yucca Mountain 
(taken from Barnard et al., 1992) 
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Figure 3-2. Schematic Cross-Section of Unsaturated-Zone Stratigraphy (taken from Barnard et al., 1992)
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Unsaturated Flow (taken from Barnard et al., 1992)

B00000000-01717-2200-00010-00

-1050

-1000 

- 950 

-900 

-80 

750 

700

iiii

7/16/93 3-12



Infiltration Rate (t)

fh i I4 

,,/// //f// 

• 7 -1777777 / 

/ Pathway 

,,, // // 

ll/f,,,', 

'fj/ f,',', // 

'''''/f,1 

'''///,,, 

Pathway

,FRi 

SFRACTURE

f 1 =Max(0, -Km) 

12= 11-/ 

Km = Saturated Hydraulic Conductivity of Matrix 

Figure 3-4. Apportionment of a Flow Rate to Matrix and Fractures: A Conceptualization 

.. 1bI~f3-13 BOOOOOOOO-01717-2200"00010"

MATRIX -- ,

-00
"//10 I/,,

/



O0"OI 00"OOZZ'LILIO-O000000009 M' C61911/ 

Probabilitw of Exceeding 

• I- I 

I _ _ 

0I I 

oS . _ . . . . . i. .a. .  

! -----
"II ' 

P -- - - - --I 

• "
--- --- --

*, I 
-- - - - -- L -- - -- --- -

I I I I ii I I 
I I I 

I I I 
I I a 

- -- - - - L - - - - - - ----------

I I I 
I I 
I I I 
I I I



I I I I I I I I I 

* a I I * a I * a 

I I I I I I I I I 

IIII I I I 

IIIII 
I I I 

I I I I I I I I 

* IS. . . . .I 
I.. .•. . . I . . .• . . .

I a I 

I I I I 
I a I a 
I I I I 
I I a I 

I I I I t* 

I a a I S~ 

I I I I 

II I I 

I I a a 

I I I I 

a S I a 
I I I I 
a a I a 
I I I I 

I a I a 

I I I I 
I I a a

a I I I I 
a I a a 

I I I I 

Total I 

I I I I 

I I I I 

* _ a__ _ a_ _ _ = _ .. = _ . = _ - = 

I I I I 

I 1 a a 
Tc I I II 

III I 

I I I I 
a a a a

,1.'
Nornalized Total release to AE

CCDFs for EPA Sum and Ratios for 99Tc and 1291 for the Case ?, = 0.1 m-'

(

La 

W4 

.4 

* I.OE-O

0 

0 
0 
0 

-4 

-4 

0 
0 

0 

0 
0

I ! 
I

Figure 3-6.



0OO-100"-OOZZ-L' LIO-O00000009 91-C £6/91/L 

Probabilitw of Exceeding 

F -t SI I ' 

Mi 

I..I I,' 

o1 I 

0 I.I I 
- ~ ~ ~ ~ ~ ~ -- ----

-I I - I 
-. -

I II 

-.........- -- -

- -. I L - -- - ---- - .- . ...- - - -

II I I 

mI I I 

- m I I I 
" a .S I 

- 0 ,. I 

S I I I 

o I 
S I I 

roI .I

I I 
a a 
I I 

I I 

I I 

a I

- I -.. . .. . _S.. .. . .



I I 

I I I 
I I I 

I I I 
I I B 
I a I

3-17

a 
"49

BOOOOOOOO-01717-22 00-OO01lOOO
7/16/93

0 

0 

06



OO'OT OOOOOZZ-LO LIO-00000001] 81' £61911/L 

Probabilitw of Exceeding 

S... . ..... j... . . ... b.. . .  

±I ! - - -I - -

.•1 6 6 - - - - - - -- - - - -

• nI I I 

O~l ---- / 

r•I I I 

•-~~ ~~ ~~ ---.. . ...... -- .... . . .-- - . .  

i I "II 

St ._-t=::•.._..-...--_--- --- --- -

2I II 

"- - -

- -- IL I 

N 0 I II 

-. -1 -------

L!'i1 I I 

A _ S i



Result Tine History 

20.00

S16.00

z 

012.00 

'0 
a8.00 

S4.00 

0.0 

00.00 2.0 .04 4.06E04 6. .&04 8..04 1.0 -0 

0, Tine (yrs) 

71 

Figure 3-10a. Time History of Release Rate to Accessible Environment for 99Tc



Result Tine Historu

4.  

'I 

w 
C

4 .U+04 6. 0+04

Time Cyrs)

Figure 3-10b. Time History of Rel. . Rate to Accessible Environment for 1291

-4 

0� 
'C

I •I'

0.05 

0.04

0.01

0.00 
C

0 

0 

0 
0 
0 
0 

-4 

-4 

0 
0 
0 
0 
0 
-S 
0 

0 
0

2.0E+04 8 .0I 404 1.0 E+O

(

I

I
1

.,00

T ine (urs)



Result Time History 

1.  

J.OE -or, 

"79.2E-06.  

4E-06 

6 

11,. 8E-O6 

o oU 

0.0 • I- 0.00.  

0.00 2.0+05 4.OE+05 6. E+05 8.0E+05 1.OE+O 

T ime (Crs) 

F 0iue31c ieHsoyo ees at oAcsil niomn o 3N



nCt'Z JO IU;UJUOIIAUE3 QJqiss:coV ol Qj- w P JO X'OIwtH QLUL -POI-E Q'ln!A ) 

00*0 

90-3Z 

90- 38 

90- 30



Result Tiee History 

k.  
. OE-06 

OE-06 

ýt. OE -06 l 

0 
2. OE-06 

OE-06 o .o _o 

0 
S0.00 

00 2,O+05 4.,+05 6.0E+05 8.0E+05 1.02E+0 

"-J 
T iue Cyrs) 

F 

0 

0iue3]e ieHsoyo ees aet cesbeEvrnetfr7S



102 ToO 

1-129 

1 0 0 u-Ma ......... ...................... ....... ............. ..................  

1 0 -2 ... .......  

-eT -

0, 10 -4 ............ . . . .:. . . . . . . ....... ... . ........ ...:• " ......  
.. ... ..7 ...... ......  se

cc 
""' -. . . . . . . . . . . . ... . . . ..o'.* o. .ol 4 a ~ o .• . • .=e . • o . . .o o • o... * * * • 

• ..  
1 -6 ..................... :.................. •. . .. . . . .. . . . -A... . .  

1 0 -8..... ............................ -..: ". .  
.~10-60 

10 2 0 

S102 104 105 106 

Time (yr) 

(Figure 3-11. Release Rates to Accessible Envt..,nent for Radionuclides Released Using Compos ite 

Porosity Flow Model (taken from Barnard et al., 1992)



(
( K 

-1 

Scatter Plot of Result us. Paraneter 

3. .OE+00 

02.OE-02

i. 0E-03 

m 

k4 i.OE-04 

17.0E2-05I 

OE-06 

V,.0E-07

w L 

k 
Paraneter IHF1 

Figure 3-12. Scatter Plot of EPA Sum versus Infiltration Rate (all other parameters at mean value)



j1. E-05• 

SJ. OE-06£ 

• ~~~1.0-- 
j 

w 1.0 E-0 

SPararteter INFI 

N 

0 
0 -or .  

0M 
0Z 

Figre3-3. cate Pltf ParSu m eIite rato Rae(llprmeesar apld



Scatter Plot of Result vs. Paraneter 

6.0E-06 

w 
C 

:. OE-06 , 

K.41oOE-O 

3.O E-06

IN 

1OE-06 

00 2.4 -03 48 -03 7.2 -03 1.  
-J I4 

I Paraneter KMLAY3 

Figure 3-14. Scatter Plot of EPA Sum versus Matrix Hydraulic Conductivity of Layer 3



-I.  

Scatter Plot of Result vs. Paraneter 

0.01 

LJ 

0.0 

Qj. 4E-03 
,a 

0 

5. 6E-03

N 
,p.  

B• E-03

o 0 
z 

o0.00 
21.06-02 0.03 0!05 0.06 0.08 0. 10 "-4 

Paraueter RUT 

F 0 
i iue31.SatrPo fE ,u essPisnTasto ae(



Result for stochastic parameter IHF2 

1.00 ' 

i . . . . . . . I-- 
- - - - - - - - - -I 

U 
~~~- - - - - - - - - - -----

4I- ......... I I _

Ir4 0.80 ------ ---
'•I 

If_. 
. . .  

W0.6 

- ---- - - - - - - --------

I ..........  

-II 

I 

0 0------ - - - - - -__-1 

-4 

,'40 -. . . . . . . . .- -
. . .

-_ 
. . . . . . .

-
- - - -- - -

,. 0 .2 0 ,- 

- - - - - - -

1.0 -04 1.0 -03 . .OE-02 1.0 -01 I.OE+00 

Parameter . .F.  

Log-Un.ifor Distribution 

-0in= 1.OOE-04 

a Ha t. .000E-02 

Figure 3-16a. CCDF for Infiltration - Run 3.2



Result for stochastic parameter INF2

1.00

0.80

0.60-

0.40-

0.20-

Parameter INF2:

Uniform Distribution 

Min= 1.000E-04 

Max= 1.000E-02 

Figure 3-16b. CCI(. -'r Infiltration - Run 3.3

-J 

'4

X 03 
w 

.4..  

0
0a

~~~~~~~---------------------------- ------ --------------L ----- ----

I . . . .. . . .• . ." _ I_ ... .. a . . . . .  
S\I I -

-------- - - - - - - - - - - - - - - -- - - - - - - - -------------- --------------

II I -. . . . . . . . .--. . ..-- -. ---- - --- . . .- . . . . . .--. .

---------------------------------- --- -- ------- - -- ------- - ------- - ------------

II \I . . . . .  
Ia 

II 

I---- 
------------ -- L---------------- L --------------

I I a ' 

i - . .. . . . .. . ,a.. . . . I . . . . .  

L- - .-. 0 -03 1 -02 1.. --

r ----. .--. . . . . . .-'. ------------ r-
--. . .----.. . . ---.. . .- --.. ..- -- --L - ---- ----L . . . . ---- : 
EI 4 .. . . . . . -0 .. . . . . -- 0 .. . . .. . ..0 L 0_ 1.. . . . . .

1.0w 
0 
0 
0 

0 
0 
0 
0 

9

0 
0 

9
0 
0 
0

K

+00

(



Result for stochastic paramieter INF2 

1.00 

I 

UI 

xLL 0.60 --------- - - -- - - - - --- - - - - - ---------- "- -"-- 
. ..

I 

0--- --------------- --------------- --------------- --------------- I 

0I 

I. 
. _. . . . .  

0.40 -- - - - - - - -- -- - -- -- - - -. . . . .-- - - - - -- - - - - - -

00 

S 0 . 0 -- - - - -- - -- r.. . . 7 - - - - - - - - - - - - --- - r - - - - - - - - I 

- - - - - - - - - - - - - - - - ---
" I -- - - - - - - - - - - - - - - - -

-tG 
0 . ,0 "- ,o 

.1 . OE 

Paraieter 
.NF..  

Log-Nornal Distribution 

k Mean= 1.,E+00 

S.D.= 4.300E-01 

Figure 3-16c. CCDF for Infiltration Run 3.4



Results for paraneter INF1. 1000 realizations

Paraneter INFI: Repository infiltration rate 

Distribution of Results 
Mean= 5.701E-03 

S.D.= 2.803E-03 

Kurtosis= 2.021E+00 

Skewness= -3.669E-01 

Figure 3-16d. CCDý .or Infiltration - Run 3.5
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Result for stochastic paraneter IMF
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Distribution of Results 
Mean= S.484E-02 
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Kurtosis= 9.324E+00 

Skewness= 2.474E+00 

Figure 3-17a. CC t- tor EPA Sum - Run 3.2
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Table 3-1. Hydrostratigraphy Used for Unsaturated-Zone Aqueous Problems 
(after Barnard et al., 1992) 

Layer Dominant Lithology 

1 Moderately welded 

2 Vitrophyre 

3 Vitric, non- to partially welded 

4 Zeolitic, non- to partially welded 

5 Partially to moderately welded 

Table 3-2. Elevations of Layers at Selected Locations in Geohydrologic Problem Domain 
(after Barnard et al., 1992)

Lithology

Welded tuff 

Vitrophyre 

Vitric tuff 

Zeolitic tuff 

Partially welded tuff/ 
water table boundary

Usw 

H-5 

(m)* 

1478 

1030 

996 

974 

905 

885 

770

West 
Boundary of 
Ghost Dance 

Fault 
(m)* 

1309 

966 

875 

863 

832 

734 

731

Elevation above sea level of the feature, or in the case of an individual layer, to the base of 
that layer. (Values in parentheses are projections.)

7/16/93
B0000O000-01717-2200.000 10 . 0 0

Layer No.  
or Feature 

Surface 

Repository 

1 

2 

3 

4 

5

UsW 

G-4 

(m)* 

1270 

956 

869 

860 

836 

723 

731

UE-25 

a#1 

(m)* 

1199 

(870) 

811 

798 

784 

637 

729

500 m 
East of 
UE-25 

a#1 
(m)* 

1175 

(831) 

781 

771 

759 

596 

730
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Table 3-3. Elevations' Used for the Composite-Porosity Model of the UZ 

(after Barnard et al., 1992)

Location 

USW H-5 

120 m E (Col. 1) 

420 m E (Col. 2) 

660 m E (Col. 3) 

940 m E (Col. 4) 

1099 m E Ghost Dance 

1280 m E Ghost Dance 

1280 m E (Col. 5) 

1313 m E USW G-46 

1700 m E (Col. 6) 

UE-25a #1

Elevation at Top of Layer 

Water 

Re.2  5 Table 

1478' 1035 996 974 905 885 770 

1038V 1028 983 962 897 869 766 

1021V 1011 950 932 877 827 755 

1007k 997 923 907 861 794 747 

990W 980 893 879 843 756 737 

13093 971 875 863 832 734 731 

13093 971 889 877 846 748 731 

9664 956 877 864 836 -- 5 731 

1270W 961 869 860 836 -- 5 731 

930W 920 848 835 813 -- s 730 

11993 (875) 811 798 784 -- 5 729

SIn meters 
2 The repository is modeled as a 5-meter-thick layer 

3 Ground surface 
4 Top of simulated column

Below the water table 

Not used in the linear interpolation

BOOOOOOOO-01717-2200-00010-00
7/16/93
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Table 3-4. Matrix Hydraulic Conductivity Distributions Used in 
TSPA-1991 and RIP (after Barnard et al., 1992)

Matrix Hydraulic Conductivity (m/yr): Beta Distribution 
Layer M Standard 

Mean Deviation Minimum Maximum 
1 6.30 x 104  

6.10 x 10'0 
(6.30 x 10") 0 2.50 x 10.2 

2 9.49 x 10-5 6.oo x 10-' 9.40 x 106 4.00 x 10.1 (9.49 x 10.5) (0)4.0X13 

3 2.50 x 10. 2.30 x 101 0 9.78 x 101 (2.50 x 10W) 

4 9.49 x 10s- 6.00 x 10. 9.40 x 10.6 4.00 x 1 (9.49 x 10"r) (0)4.0x1.  

5 4.40 x 1O0' 4.30 x 10' (4.40 x 10") 0 1.71 x 101

()TSPA-1991 values 

Table 3-5. Matrix Porosity Distributions Used in TSPA-1991 
and RIP (after Barnard et al., 1992)

7/16/93
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Table 3-6. Fracture Porosity Distributions Used in TSPA-1991 and RIP 

Fracture Porosity: Beta Distribution 

Layer Standard Minimum Maximum 

Layer Deviation 

5.20 x 10r' 5.00 x 10"4 0.22 

1 5.94 x 10 (5.94 x 10"3) (0) (0.42) 

7.20 x 10-3 1.00 x 104 0.3 

27.48 x 10- (7.48 x 107) (0) (0.528) 

3.90 x 10. 1.00 x 10.1 0.019 

34.20 x 10. (4.20 x 10-4) (0) (0.0298) 

2.90 x 10.6 0 0.013 

4 3.36 x i0-4 (3.36 x 10') (0) (0.024) 

8.00 x 10W 1.00 x 104  0.038 

59.24 x 10" (9.24 x 10.5) (0) (0.065) 

()TSPA-1991 values 

Table 3-7. Infiltration Rate Distribution Used in TSPA-1991 and RIP 

Infiltration Rate (m/yr): Beta Distribution 

Standard Minimum Maximum 
Mean Deviation 

0.0010.0009 
0 0.039 0.001(0.001) 

()TSPA-1991 values 
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Table 3-8. Parameters Used to Model the Saturated Zone in TSPA-1991 and RIP 
(after Barnard et al., 1992)

Model Parameter 

Ground-water velocity, v (m/yr) 

Bulk porosity, 0,

Distribution 

Beta 

Beta

Parameters for the distribution are min, max, a, and P3.  

Table 3-9. Geohydrologic Units for Geochemistry in TSPA-1991 and RIP 
(after Barnard et al., 1992)

Geohydrologic Unit 

Welded 

Vitrophyre 

Vitric: 

Zeolitic 

Partially welded 

Tuff saturated zone

7/16/93

Rock Type for Kd Defnition 

Devitrified 

Vitric 

Vitric 

Zeoliti¢ 

Devitrified 

Devitrified

3B00000000-01717-2200-00010-00

Distribution Mean 
Parameters' Value 

3.2, 5.9, 0.84, 2.87 4.07 

0.09, 0.29, 0.738, 0.175 
1.37
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Table 3-10. Kd Probability Density Distributions Used in TSPA-1991 and RIP 

(after Barnard et al., 1992) 

Parameter E[xl C[xl Min[xI Max[x] cx [3 

Beta Distributions 

Kd*, Cs Devitrified, or 50 0.20 20 100 4.25 7.75 

Vitric Tuff 

Kd, Cs Zeolitic Tuff 2000 0.25 0 6000 9.33 19.67 

Kd, Np Devitrified Tuff 2 1.00 0 50 -0.08 21.08 

Kd, Np Vitric Tuff 0.5 1.00 0 12.5 -0.08 21.08 

Kd, Np Zeolitic Tuff 4 1.00 0 100 -0.08 21.08 

Kd, U (or Se) Devitrified 2.5 0.577 0 5 0.0 0.0 

Tuff 

Kd, U (or Se) Vitric Tuff 2 0.577 0 4 0.0 0.0 

Kd, U (or Se) Zeolitic Tuff 10 0.30 5 21 0.59722 2.51389 

Constant Values 

Kd, C (all rocks) 0 

Kd, Tc (all rocks) 0 

Kd, Sn (all rocks) 100 

Kd, I (all rocks) 0 

Kd, Pu (all rocks) 100 

Kd, Am (all rocks) 100 

KdS for all entries in table are in ml/g.  

a, P are exponents in the Beta probability density function given below 

E[x] = expected value 

Cv[x] = coefficient of variation 

f(x) = C - (x - a)f (b - x)ý = probability density 

C = normalizing constant 

a = Min[x] 

b = Max[x]

BOOOOOOOO-01717-2200-00010-00
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Table 3-I1. Additional Infiltration Distributions

7/16/93 B00000000-01717-2200.00010-00

Simulation Type of Infiltration Distribution (m/yr) Figure Reference 

Run 3.2 Log-uniform Range: 0.0001 to 0.01 3016a -

Run 3.3 Uniform Range: 0.0001 to 0.01 3-16b -

Run 3.4 Log-normal Mean = 0.001 3-16c s.d. = 0.00043 

36% probability 
LU: 0 - 0.005 3-16d NRC-DOE Technical 64% probability 3-16d Exchange, December 

LU: 0.005 - 0.010 14, 1992 

Beta: 

Run 3.1 Beta min: 0.0 max: 0.039 3-16e Barnard et al. (1992) 
mean: 0.001
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