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7.1 INTRODUCTION 

The unsaturated- and saturated-zone flow and transport models used in TSPA-1995 are described 
in this chapter. Results from detailed process-level models were used to develop abstractions 
(response surfaces) for implementation in RIP. Section 7.2 presents the process-level modeling 
and abstraction of those results for the mountain-scale, unsaturated-zone flow system. Details 
of the drift-scale, unsaturated-zone hydrologic modeling of "dripping fractures" at the repository 
level are presented in Section 7.3, including a discussion of how this is incorporated into the RIP 
TSPA model. In Section 7.4, the unsaturated-zone transport model for TSPA-1995 is presented.  
Because the process-level transport model for Yucca Mountain was incomplete at the time TSPA
1995 simulations were conducted, the TSPA-1995 transport model is implemented directly in the 
RIP simulator. The TSPA- 1995 transport model includes some abstractions based on the process
level flow model (e.g., the matrix and fracture steady-state velocity fields and the partitioning of 
total flow between fractures and matrix). It also includes a fracture/matrix interaction model to 
represent matrix imbibition and intra-unit fracture connectivity, and retardation models to 
represent chemical interactions between matrix and pore water. A brief comparative study of the 
TSPA RIP transport model with the FEHM process-level transport model is included at the end 
of Section 7.4. Transport of gas-phase radionuclides is discussed in Section 7.5. A brief 
discussion of the saturated-zone model is included in Section 7.6, though this has not changed 
substantially since TSPA-1993. Finally, a climate change model implemented in TSPA-1995 is 
described in Section 7.7.  

As indicated in Figure 7.1-1, the results of the response surfaces described in the present chapter 
feed into the determination of engineered-barrier-system releases as well as the determination of 
cumulative releases and peak doses at the accessible-environment boundary.  

7.2 UNSATURATED-ZONE AMBIENT HYDROLOGY 

7.2.1 Introduction 

If radionuclides are released from the engineered barrier system, they may be advectively 
transported first through the unsaturated zone and then the saturated zone to the accessible 
environment. Section 7.2 describes the process-level model used to simulate the flow of ground 
water in the unsaturated zone (UZ) at Yucca Mountain. The results from this model of UZ flow 
are abstracted to provide response surfaces of the aqueous flux in the unsaturated zone as a 
function of infiltration, and the distribution of this flux between fractures and matrix.  

As indicated in Figure 7.1-1, the fundamental sources of information used to construct the 
unsaturated-zone flow model are derived from the results of site investigations that have been 
summarized in Chapter 2. The quantitative analyses presented in this section are carried out 
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using 1 -D and 2-D submodels extracted from the 3-D site-scale model of the unsaturated zone 
at Yucca Mountain (Wittwer et al., 1995).  

7.2.2 Abstraction Strategy for TSPA-1995 

Within the context of TSPA-1995, it is not possible to directly incorporate process-level models, 
in general, and unsaturated- and saturated-zone flow and transport models, in particular, explicitly 
in the analyses. Although this is possible conceptually by using "call" statements to the process
level model, in practice this is prohibited by the tremendous increase in computational 
requirements when conducting multiple stochastic realizations. As a result, a limited set of 
process-model representations are constructed and the resulting predictions of flow are abstracted 
for input to the total-system simulation software, RIP. These abstractions are presented in the 
form of response surfaces describing the relation between the key dependent variables (whether 
flux or velocity or percent of total flux in different flow regimes) and the primary independent 
variables (infiltration rate or hydrogeologic properties). In using abstracted model results as input 
to the total-system model, it is important to demonstrate that the results of the detailed process 
model and the abstracted model are reasonably similar. A paradigm for the testing of process
model abstractions is illustrated in Figure 7.2-1 (Nelson, 1995).  

Figure 7.2-2 presents a schematic representation of the distribution of the applied infiltration over 
Yucca Mountain which is the basis for the abstraction strategy used in TSPA-1995. This figure 
identifies those components of flux that may impact the total system performance. Starting with 
the average annual-precipitation value (qppt), the spatially variable infiltration rate (q%,f) is derived 
from the distributions presented by Flint and Flint (1994). The infiltration rate is redistributed 
across each major hydrostratigraphic interface into the percolation flux (qp,,). The percolation 
flux is considered to be spatially variable across the repository area and may be uncertain because 
of anisotropy and heterogeneity within the unsaturated hydrostratigraphic units between the 
surface and the repository horizon [in particular within the basal vitrophyre of the Tiva Canyon 
welded unit (TCw) and the Paintbrush nonwelded unit (PTn)]. As described in Section 7.3, this 
uncertainty is evaluated in TSPA-1995 by using two separate percolation-flux distributions: one 
representing a spatially integrated average percolation flux (caused by significant lateral spreading 
of the infiltrating ground water); and the other representing a local percolation flux equivalent 
to the local infiltration rate (caused by a predominantly vertical flow).  

The percolation flux is used to define the distribution between the fracture and matrix 
components of flow in the unsaturated zone beneath the repository; shown as qf. and q.at, 
respectively, on Figure 7.2-2. This distribution is based on process-model results described in 
this section. Additionally, the distribution of percolation flux at the repository horizon has been 
used to define the likelihood and magnitude of localized flow which might intersect the drifts; 
termed qdip on Figure 7.2-2. The determination of the qdp distribution is based on stochastic 
representations of both qr and the saturated hydraulic conductivity, Kat, of the Topopah Spring 
welded unit (TSw), as described in Section 7.3.  

The abstraction strategy employed in the previous iteration of TSPA (TSPA-1993: Andrews et 
al., 1994) is briefly reiterated here to provide a framework for changes made in the current 
iteration. The percolation flux through the unsaturated zone, qpe, was sampled in TSPA-1993
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from an exponential distribution with a mean value of 0.5 mm/yr. Assuming an equivalent 
continuum model for flow and transport, the matrix pore velocity (vmat) was then determined as: 

vmat = qpc / [ AOSiq ] (7.2-1) 

where A is the cross-sectional area of the pathway of interest, 0 is porosity and Sliq is liquid 
saturation. For each hydrostratigraphic interval, porosity was sampled from a normal distribution 
with prescribed mean and variance, while an "average" liquid saturation was calculated from the 
late-time (t > 10,000 yr) results of a far-field thermohydrologic model. The main limitation of 
this approach is that the physical relationships between the key variables are not rigorously 
honored, in as much as qp, and 0 are sampled independently, and Sjiq is obtained from another 
set of calculations. Furthermore, parametric uncertainties (e.g., saturated conductivity, van 
Genuchten parameters), as well as conceptual uncertainties (e.g., alternative conceptual models 
of fracture-matrix flow), cannot be taken into account when using Equation 7.2-1.  

The abstraction strategy for TSPA-1995 is designed to overcome the shortcomings identified in 
TSPA-1993 via the application of detailed process-level modeling to develop a functional 
relationship between vmat and qinf" Also developed in this strategy is a partitioning of the imposed 
flux between the fracture and matrix, characterized by the fractional fracture flux, ff•. Multiple 
unsaturated-flow simulations are conducted to account for: (i) a range of infiltration scenarios, 
(ii) uncertain/variable matrix hydrologic properties, and (iii) variable fracture-flow initiation rules.  
The abstracted results are shown in terms of "bands" for vmat and ff,• as functions of the imposed 
infiltration flux, qinf.  

The application of this abstraction strategy is shown in Figure 7.2-3. Within RIP, infiltration 
rate, qinf. is treated as a stochastic parameter with a prescribed statistical distribution and its 
moments. For a given sampled value of qif, the types of relationships shown in Figure 7.2-3 are 
used to determine the corresponding minimum and maximum values for vmat (or ffj). Treating 
these as the lower and upper bounds for a uniform distribution, a second random sampling 
between the minimum and maximum provides the value for vm.t (or ffj). (A more detailed 
explanation of the implementation in RIP is given in Section 7.4.4).  

Implicit in this strategy is the assumption that descriptions of ambient hydrology are adequate 
for modeling geosphere flow and transport. This implies that thermohydrologic perturbations due 
to waste emplacement have dissipated before the arrival of radionuclides from breached waste 
packages at the EBS/geosphere boundary. Consequently, functional relationships between vmat 
(or ff,) and qinf derived from ambient-state simulations, with appropriate modifications for 
climate change, can be used to simulate the flow of water in the unsaturated zone, and can be 
incorporated into models of the migration of radionuclide from breached waste packages.  

7.2.3 Testing of the Proposed Abstraction Methodology 

In order to demonstrate that the abstraction methodology as outlined in the previous section 
provides reasonable bounds on system behavior, it is necessary to "test" the methodology by 
comparing the abstracted model results against a more detailed representation. As an initial step 
in this testing, the results of a two-dimensional (2-D) flow model for the unsaturated zone are 
compared against the one-dimensional (I-D) simplification used in RIP. The performance
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measure for comparison will be the travel time of an unretarded species from the repository to 
the base of the unsaturated zone (water table).  

The detailed process model is a 2-D cross-section extracted from the LBL-USGS site-scale model 
of the unsaturated zone (Wittwer et al., 1995), described in detail in Section 7.2.4. Deterministic 
steady-state simulations were carried out for three different infiltration rates (0.1, 0.5 and 
1.0 mm/yr) using the expected values of the material properties given in Section 2.4. Column 
153 was then picked as a representative one-dimensional pathway from the 2-D cross-section 
(Figure 7.2-4). For each hydrostratigraphic unit below the proposed repository horizon, the 
simulated ranges in the matrix pore velocity, v., and fractional fracture flux, ff,, were extracted 
(Table 7.2-1). Also calculated, based on the velocity information, was the advective travel time 
from the proposed repository horizon to the water table.  

A I-D pathway, consistent with that section of Column 153 between the proposed repository 
horizon and the water table, was setup within RIP. This pathway was broken up into four layers 
as follows: TSw - 111.2 m, TSv - 8.4 m, CHnv - 80.7 m, and CHnz - 121.2 m. The advective 
transport of a tracer pulse was simulated for each of the three chosen infiltration rates using the 
abstracted information (vmat and ff.) for each hydrostratigraphic unit. The choice of a finite pulse 
(with At=100 yr) was dictated by the need to start with a finite time-step size which could then 
be progressively increased so as to efficiently simulate transport over extremely long time periods 
(-105 years). The minimum and maximum arrival times of the pulse were determined by 
examining its breakthrough curve at the water table.  

A comparison between the single-point arrival time calculated by TOUGH2 and the minimum 
and maximum arrival times calculated by RIP is tabulated in Table 7.2-2, and also shown 
graphically in Figure 7.2-5. In all cases, the RIP results bracket the arrival times calculated by 
TOUGH2, and the agreement was found to be better for higher infiltration rates. These 
calculations indicate that using TOUGH2-derived functional relationships of v.,- and ff., vs. qi,,f 
to simulate solute transport within RIP is an expedient way of retaining the essential features of 
the unsaturated-flow process. The calculations also provide a verification for the proposed 
abstraction methodology.  

7.2.4 Process-level Model Description 

Backgmund 

A three-dimensional site-scale model of the unsaturated zone is currently under development by 
Lawrence Berkeley Laboratory (LBL) and the United States Geological Survey (USGS) (Wittwer 
et al., 1995). The model covers an area of about 30 km2 (Figure 7.2-6), and is composed 
vertically of four hydrogeologic units: TCw (Tiva Canyon welded), PTn (Paintbrush nonwelded), 
TSw (Topopah Spring welded), and CHn (Calico Hills nonwelded). These four layers have been 
further subdivided into seventeen layers to represent additional lithologic detail (Figure 7.2-4).  
Based on the work of Klavetter and Peters (1986), the fractured units TCw and TSw are treated 
as equivalent continua with specified threshold saturations for triggering liquid flow in fractures.  
Using a "best-guess" set of hydrologic properties for the matrix and fractures, Wittwer et al.  
(1995) have investigated the impact of uniform/non-uniform surface infiltration patterns and the
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role of major faults on the distribution and movement of moisture at Yucca Mountain in one, 
two, and three dimensions.  

As pointed out by Andrews et al. (1994), some of the major uncertainties associated with the 
description of the hydrologic system in total system performance assessments include: (i) 
uncertainty in the assumed infiltration scenarios for both current and future climatic conditions, 
(ii) the impact of uncertain and/or spatially variable matrix hydrologic properties, and (iii) 
conceptualizations of fracture-matrix flow using both equilibrium and non-equilibrium 
assumptions. These uncertainties have not been explicitly addressed in the ongoing studies of 
ambient UZ hydrology being carried out by the LBL-USGS scientists. A suite of simulations has 
therefore been carried out with the LBL-USGS model to incorporate the effects of these 
uncertainties on the ambient unsaturated-flow regime, and to provide the abstractions of 
unsaturated hydrology needed by the geosphere-transport module of RIP.  

Geometry and Boundary Conditions 

A series of simulations will be discussed, based on one- and two-dimensional models. The one
dimensional model is a vertical column, and the two-dimensional model is a vertical cross
section, extracted from the LBL-USGS three-dimensional site-scale model (Wittwer et al., 1995).  
The cross-sectional model, as shown in Figure 7.2-4, passes through the potential repository area 
and the Ghost Dance Fault. The left and right boundaries represent the Solitario Canyon fault 
and the Bow Ridge fault, and are assumed to be of the no-flow type. The one-dimensional model 
is chosen as Column 153 shown in Figure 7.2-4.  

The top boundary (ground surface) is treated as a single-phase air surface at constant pressure 
and temperature. The bottom boundary (water table) is treated as a single-phase liquid surface 
also at constant pressure and temperature. Note that the constant pure-air condition at the ground 
surface precludes any possibility of moisture flow above the mountain, which may induce errors 
that are negligible for moderate infiltration rates but can become significant for very small 
infiltration rates. The water-table boundary condition implies that the saturated zone acts as a 
sink of infinite capacity, which may be inconsistent for relatively high infiltration rates depending 
on the transmissive properties of the saturated zone.  

Infiltration Scenarios 

As noted in Section 2.6, developing a reasonably representative estimate of the average 
infiltration rate in any particular area of an arid environment is uncertain. At present, a range 
of estimates exists depending primarily on the hydrogeologic characteristics of the outcropping 
hydrostratigraphic units. The uncertainty in these estimates has, to date, not been quantified, nor 
has the effect of other surficial characteristics (including slope, vegetation, and soil cover to name 
a few) been quantified. Several methods are being used to better represent the spatial-infiltration 
distribution, including (1) development of a map of current net infiltration based on ten-year 
average field observations, (2) development of a numerical model based on both deterministic 
and stochastic processes that can best reproduce that map, and (3) using this model to predict the 
effects of past and future climate scenarios with changeable soil, vegetation and atmospheric 
conditions (Flint, 1995). The results of these methods are expected to be completed and 
documented in the coming fiscal year.
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In the absence of definitive estimates of spatial infiltration rates, preliminary estimates 
documented in Flint and Flint (1994) have been used. As shown in Figure 2.6-2, these inferred 
infiltration rates range from 0.02 mm/yr, where the welded Tiva Canyon (TCw) unit outcrops, 
to 13.4 mm/yr in areas where the Paintbrush nonwelded (PTn) unit outcrops. Neglecting the 
Paintbrush outcrop along the escarpment of the Yucca Crest, the bulk of the area above the 
repository block is dominated by the outcrop of the Tiva Canyon. If the predominant flow 
direction is vertical, then the average percolation flux through the repository block, assuming the 
inferred infiltration rates presented in Flint and Flint (1994), would be 0.02 mm/yr-a value quite 
consistent with liquid saturations predicted using one-dimensional flow models and representative 
hydrogeologic properties. If, on the other hand, the predominant flow direction is not vertical 
but has a significant lateral component due to hydrogeologic property heterogeneity and/or 
anisotropy and the sloping nature of the hydrostratigraphic unit contacts, then the average net 
infiltration rate over the repository block could be as high as some weighted average of the 
infiltration rates inferred from Flint and Flint (1994). Again, neglecting the area of Paintbrush 
outcrop along the Yucca Crest escarpment, the average spatially integrated infiltration rate is 
about 1.2 mm/yr. Most of this infiltration occurs along the Paintbrush outcrop in the washes 
north of the repository block.  

Based on the above discussion, TSPA-1995 assumes two possible infiltration regimes. At one 
extreme (the "low" infiltration case), the infiltration rate at the surface is expected to be 
uniformly distributed between 0.01 and 0.05 mm/yr-assuming roughly a factor of 2 uncertainty 
around the mean value of 0.02 mm/yr. At the other extreme (the "high" infiltration case), the 
surface infiltration rate is expected to be uniformly distributed between 0.5 and 2.0 mm/yr-also 
assuming roughly a factor of 2 uncertainty around the mean value of 1.2 mm/yr. In order to 
bound the effect of these ranges of infiltration scenarios, hydrologic simulations have been carried 
out for six discrete cases corresponding to the limits described above, i.e., at 0.01, 0.02, 0.05, 0.5, 
1.0 and 2.0 mm/yr.  

Matrix and Fracture Properties 

The hydrogeologic database developed by Schenker et al. (1995), which is described in greater 
detail in Section 2.4, is used as the source for matrix and fracture properties for the 
hydrogeologic units at Yucca Mountain. Because the Schenker et al. data set includes the latest 
available information from ongoing site characterization activities, it has been chosen in 
preference to the "best-guess" hydrologic parameter set used in the LBL-USGS site-scale model 
(Wittwer et al., 1995).  

In order to account for the uncertainty/variability in matrix hydrologic properties, ten random sets 
of properties have been generated using the summary statistics presented in Chapter 2.4. Figure 
7.2-7 shows the values of the sampled variables together with the range and the expected values 
(arithmetic mean or geometric mean, as appropriate). In the hydrologic simulations, the 
properties for the hydrogeologic units above the repository horizon (TCw, PTn) are kept fixed 
at their expected values. As discussed in Section 2.4, residual saturation is treated as a constant 
for each unit, and fracture properties are treated as constants for all the units.
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Fracture Flow Initiation Rules

The LBL-USGS site-scale model conceptualizes the fractured units at Yucca Mountain as 
equivalent continua with thermal and hydraulic equilibria between fracture and matrix (Wittwer 
et al., 1995). The equivalent continuum model (ECM) assumes the existence of enormous 
disparity in capillary suction between the matrix and the fractures. Thus, during drainage, matrix 
desaturation does not begin until the fractures are almost completely drained, whereas during 
imbibition, the fractures remain dry until the matrix is almost completely saturated. In the 
TOUGH2 implementation of the ECM (Tsang and Pruess, 1989), liquid flow in the fractures is 
assumed to be initiated only after bulk-liquid saturation exceeds a threshold value corresponding 
to full saturation of the matrix. This rule can be expressed as follows: if the matrix liquid 
saturation equals 1.0, then fracture flow may occur (i.e., the fracture liquid saturation is greater 
than 0.0), otherwise the fracture liquid saturation equals 0.0.  

There is growing evidence to suggest that episodic water flow at Yucca Mountain may take place 
along "fast paths" (Wittwer et al., 1995). Such a situation, which possibly results from non
equilibrium fracture flow, cannot be represented by the equivalent continuum model (ECM). By 
forcing the fractures to remain dry until the matrix is fully saturated, the ECM formulation 
artificially inhibits the episodic (and rapid) movement of water along these fast paths. The 
rigorous approach to incorporating such non-equilibrium flow aspects would require at least the 
use of a dual-continuum model. An alternative approach would be a relaxation of the fracture
flow initiation rule in the ECM in order to allow fracture flow to commence before complete 
matrix saturation.  

With a view to approximating non-equilibrium fracture-matrix flow, Xiang et al. (1995) have 
proposed an empirical modification to the ECM fracture-flow initiation rule, viz., if the matrix 
liquid saturation is greater than or equal to a, then fracture flow occurs (fracture liquid saturation 
greater than 0), otherwise the fracture liquid saturation equals 0.0. Here a (<1) is an empirical 
parameter, hereafter referred to as the "satiated" matrix saturation. This a-based formulation 
forces the fractures to conduct water even before the matrix is fully saturated. However, it does 
not represent the complete dynamics of non-equilibrium flow because matrix imbibition is 
neglected. In any case, allowing the fractures to transmit fluids without requiring the matrix to 
be completely saturated is a more' conservative model for fracture flow than the equivalent 
continuum model, from the standpoint of performance assessment.  

The a-based formulation is thus a preliminary method to simulate non-equilibrium fracture flow.  
In the present study, a is treated as a sensitivity parameter, and provides an extra degree of 
freedom for the analyst to investigate the effects of a relaxed fracture-flow initiation criterion.  
However, it must be pointed out that this formulation does not include any consideration of 
matrix imbibition to retard fracture flow. It is intended to be merely a surrogate for a detailed 
representation of non-equilibrium fracture flow.  

Further details of the a-based formulation are discussed in Xiang et al. (1995), along with the 
results from numerical experiments which investigate the sensitivity to a. Also presented therein 
is a comparison between 1-D calculations using a conventional dual-permeability model (Ho, 
1995) and the empirical a-based formulation. Based on these analyses, two values of a (1.0 and 
0.95) have been chosen as the two variants for fracture flow initiation in TSPA-1995. Numerical
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experiments with o" values lower than 0.95 appear to result in an exaggeration of fracture flow 
(Xiang et al., 1995). For the purposes of this study, the value of =--0.95 is taken to be a 
reasonable compromise in order to mimic the non-equilibrium flow effects of fracture flow 
initiation prior to full matrix saturation. Note that the value of 1.0 represents the classical ECM 
conceptualization, in which no fracture flow occurs until the matrix is fully saturated. A value 
for a of 0.95 implies the onset of fracture flow as soon as matrix saturation equals 0.95.  

7.2.5 Abstraction Results and Sensitivity Analyses 

Results 

Using the one-dimensional model corresponding to Column 153 in Figure 7.2-4, a total of 120 
steady-state TOUGH2 simulations were carried out to develop the hydrologic abstractions. Note 
that the effects of dimensionality in the development of these abstractions is presented later in 
this section. As discussed previously, the cases considered here include: (i) ten random 
realizations of matrix hydraulic properties (Figure 7.2-7), (ii) six infiltration rates, i.e., 0.01, 0.02, 
0.05, 0.5, 1.0 and 2.0 mm/yr, and (iii) two fracture flow initiation rules, i.e., a values of 1.0 and 
0.95. Matrix pore velocity, vmat, and fractional fracture flux, ff,. along Column 153 are taken as 
the two performance measures. For each of the four hydrostratigraphic units below the potential 
repository horizon (TSw, TSv, CHnv, CHnz), ranges for vmat and ff,• are tabulated as a function 
of the infiltration rate (qinf) in Table 7.2-3 and Table 7.2-4. These results are also shown in 
Figure 7.2-8 through Figure 7.2-11.  

The minimum and maximum values of vmat for each infiltration rate are determined from the 
range of values resulting from simulations using the ten random sets of material properties and 
the two fracture-flow initiation rules. On the other hand, regarding ff,,, it is evident that its 
maximum value would always correspond to a a value of 0.95, whereas its minimum value 
would always correspond to a a value of 1.00. This argument is based on the following 
rationale. The ECM assumption regarding fracture-flow initiation only after full matrix saturation 
(i.e., o=1.0) tends to minimize fracture flow, whereas using the lower value for a of 0.95 as the 
fracture-flow initiation rule in the modified ECM formulation provides a more favorable 
condition for the onset and continuation of fracture flow. The minimum and maximum ff, for 
a given infiltration rate are calculated by averaging over the simulations corresponding to the ten 
sets of random material properties. Given that not all realizations produce fracture flow, an 
ensemble average is necessary to provide an "expected" and unbiased measure of the fractional 
fracture flow for a given infiltration rate.  

Sensitivity to Dimensionality of Flow 

Wittwer et al. (1995) have investigated possible patterns of moisture flow within Yucca Mountain 
for assumed average infiltration rates, uniform/variable infiltration distribution and hydrologic 
characteristics of the major faults. Their simulations suggest that flow below the Paintbrush 
nonwelded (PTn) unit is mostly vertical, except in the immediate vicinity of the major faults.  
Although preliminary, these results provide some justification to the assumption of one
dimensional vertical flow routinely used in previous TSPA calculations (e.g., Andrews et al., 
1994; Wilson et al., 1994).
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To further examine the persistence of vertical one-dimensional flow in the vicinity of the 
proposed repository block, one- and two-dimensional steady-state flow simulations have been 
conducted for uniform infiltration rates of 0.01, 0.5, and 1.0 mm/yr. The two-dimensional model 
is the cross-section extracted from the LBL-USGS model as shown in Figure 7.2-4, from which 
Column 153 is extracted as the one-dimensional model. These deterministic calculations use the 
expected values of the hydrologic properties as tabulated in Table 7.2.1. Figures 7.2-12 and 
7.2-13 demonstrate the general agreement between both sets of calculations in predicting liquid 
saturation in fracture/matrix, fraction of liquid flowing in the fractures, and liquid velocity in the 
matrix. These results provide further justification for using one-dimensional models of 
unsaturated flow in the vicinity of the repository block, albeit for steady-state conditions alone.  

Representativeness of Column 153 

In TSPA-1995, it is assumed that the ranges of matrix pore velocity and fractional fracture flux 
as derived for Column 153 (Figure 7.2-4) are representative of the entire repository block. In 
order to verify this assumption, the response of Column 157-located to the east of the Ghost 
Dance Fault as shown in Figure 7.2-4--is compared to that of Column 153. Simulations were 
carried out for two infiltration rates, 0.01 and 1.0 mm/yr, using the expected values of the matrix 
hydraulic properties tabulated in Section 2.4. As shown in Figure 7.2-14, matrix pore velocities 
for Column 153 and Column 157 are in excellent agreement for all four hydrostratigraphic units.  
Although not shown here, similar results have been obtained in comparisons between Column 
153 velocities and those of columns located to the west of the Ghost Dance Fault within the 
repository block.  

7.2.6 Abstraction Caveats 

In the above sections, a methodology for developing abstractions of the ambient unsaturated-zone 
hydrology at Yucca Mountain has been described, tested, and implemented. The methodology 
is customized to the input needs of the total system simulator, RIP, and as such, provides 
"response functions" for matrix pore velocity and fractional fracture flow. These variables are 
required inputs to the geosphere-transport module of RIP. Using multiple deterministic 
simulations, the methodology provides tables of minima and maxima for uniform distributions 
of the variables of interest as functions of infiltration rate. The distributions account for the 
uncertainty in material properties, as well as the uncertainty in describing fracture-matrix flow.  

The methodology presented herein is a preliminary attempt at rigorously developing and applying 
abstractions which are based on detailed process-level model calculations. However, several 
simplifications inherent in these calculations need to be improved in order to further enhance the 
realism of the unsaturated-zone hydrologic abstractions for future TSPAs. Some of these issues 
are identified below: 

" Although a modified ECM formulation facilitating earlier initiation of fracture flow was 
used in these analyses, better models are needed to describe non-equilibrium fracture
matrix interaction.  

" The assumption that ambient hydrologic models are adequate to model radionuclide 
transport at late time, because thermal effects due to waste emplacement are likely to have
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dissipated, needs further examination. In particular, comparing the onset of uni
directional flow from the repository horizon to the water table predicted by 
thermohydrologic models with typical waste-package failure-time distributions should 
provide a sound basis for evaluating this assumption.  

Preliminary model calculations show that flow from the repository horizon to the water 
table is predominantly one-dimensional in the vertical direction (Wittwer et al., 1995).  
The actual flow paths are likely to be somewhat more tortuous under the effects of 
material heterogeneity and/or nonuniform infiltration rate at the surface. Incorporation 
of the resulting flow-path geometry directly into the TSPA calculations, or indirectly via 
appropriate abstractions, needs to be included in future analyses.  

The validity of the abstractions depends on the representativeness of the stratigraphy and 
hydrologic properties. This could be enhanced--especially in the expansion areas-by 
using more detailed hydrogeologic information (if and when available).  

7.3 DRIFT-SCALE HYDROLOGY 

Besides the model for unsaturated-zone flow at the "mountain-scale", a flow model is required 
to describe groundwater movement at the "drift-scale". This model predicts spatial variability 
of fracture flux (or "drips") intersecting potential repository drifts, and quantifies the probability 
of "drips" and the magnitude of any "drips" that are predicted to occur.  

Water saturation in the EBS (backfill/invert) and near-field tuff matrix surrounding the repository 
drifts is determined from thermohydrologic process-level simulations conducted using FEHM (see 
Chapter 4). For the high thermal loading case (83 MTU/acre), there is an extended dryout period 
during which no stagnant fluid phase is present adjacent to the waste package. Therefore, no 
aqueous-phase radionuclide transport to the geosphere is possible through the rock matrix 
surrounding the waste packages. During this period, the only possible transport of radionuclides 
from waste packages to the geosphere will be a result of water dripping through fractures onto 
the packages. Once the rewetting front has returned to the packages (at T < 100TC), or if the 
EBS never dries out (low thermal load, 25 MTU/acre), then transport to the geosphere is by a 
combination of both dripping fractures and diffusive matrix flow. Of course, the packages must 
first suffer corrosion failure before any radionuclides are released. [Note that transport from the 
packages to the geosphere by advective matrix flow is not considered possible because of the 
capillary pressure differential between the drift and the surrounding rock.] 

The conceptual model for dripping water on the waste packages simulates spatial variability of 
fracture flow in the near-field rock surrounding the repository drifts. Thus, while the statistical 
variation in the process-level conceptualization of g fracture flow (discussed in the 
previous section) is primarily attributable to property uncertainty, the variation in the 
conceptualization of WP/EBS dripping fracture flow is conceived to arise primarily from property 
spatial variability. This conceptual difference is appropriate because of the distance scale at 
which the processes are simulated. For the WP/EBS, effects are modeled at the scale of the 
package dimensions, whereas in the geosphere the variability in flow at the package level has 
been upscaled (averaged) to a much greater area. This is done, in part, because of computational 
constraints, in that it is not possible to simulate small-scale (on the order of the package

7-10



dimensions) heterogeneities over the entire repository within a TSPA model-given the large 
number of realizations required. Thus, in the geosphere we only consider the average fracture 
flow at the column scale-which does incorporate uncertainty, as described in the previous 
section on hydrological process abstractions.  

In the WP/EBS fracture-flow conceptualization (see Figure 7.2-2), it is assumed that a given 
infiltration flux, qinf, can be represented at depth as percolation flux, qp:, log-normally distributed 
over the area of a given column. The logarithmic qpe,, distribution is defined with a mean equal 
to the given qinf and an assumed standard deviation of 0.5. Furthermore, from Schenker et al.  
(1995)-as tabulated in Table 2.4-3-we have the moments of the saturated matrix conductivity, 
Kst for TSw as: E[logj0Ksat = 4.07, and S.D.[log1 0 Kat] = 0.9. (Note that Kst is now expressed 
in mm/yr.) Suppose there are 10,000 waste packages and that each has a different degree of 
fracture flow because of variability in the local matrix material properties. Both the qp.,c and K., 
distributions are sampled 10,000 times to form a distribution for (qp,,e - K.t). For any individual 
package, if (qpec - Kst) > 0, then there is dripping flow on that package, and the value of 
(qp, - K.t) qdi is the dripping flux in mm/yr. In this way, we develop empirical distributions 
for the advective dripping flux, qop, at various infiltration rates; plus a corresponding fraction 
(i.e., number, not distribution) of waste packages, fdfip, that experience dripping flow. Figures 
7.3-2 and 7.3-4 show the qdfip distributions for typical "high" and "low" values of qif, and Figures 
7.3-1 and 7.3-3 show the corresponding K., distributions. (Kt would equal the matrix flux in 
the drift for this simple unit-gradient model, but because of the assumed capillary effect, matrix 
flow directly on the packages is presumed to be zero.) As an example of the meaning of these 
CDFs, in Figure 7.3-4, which is for qinf = 0.05 mm/yr, 91% of the packages have a dripping flux 
less than 10-4 mm/yr, i.e., essentially zero dripping flux.  

Because the RIP model does not allow faip to be a random variable, we could not use a random 
distribution to represent qpr - Kst, i.e., we could not regenerate it for every realization.  
Therefore, the qp,, and K., distributions were sampled 106 times for a given value of qint. The 
mean of this sample is an estimate of the expected value, E[qdfpl, of qdip for the given qi.f and 
the fraction of waste packages with dripping is an estimate of the expected value, E[ffd]ip, of ffip" 

This was done for about 10 values of qinf over both the low and high qinf ranges, and the 
functional relationships E[qdao] versus qinf and E[fda,ip versus qinf were found to be nearly linear 
for each range. Based on these samples, Figures 7.3-5 and 7.3-6 show the average dripping flow, 
E[qdji vs. qin,, that was used in the TSPA-1995 simulations using the Schenker et al. (1995) K., 
distribution and S.D.[log1 0qif] = 0.5. Figures 7.3-7 and 7.3-8 show the average fraction of 
packages with drips, E[fdip] vs. qivs.  

Using E[qdip] for every package results in approximately the same releases as applying the 
distribution of qdrip to the packages. To demonstrate this, six values of qdfp were selected which 
would represent the range of advective drip rates corresponding to the range of infiltration flux 
considered in the low- and high-infiltration rate cases (see Figures 7.3-5 and 7.3-6). Using 41 mn2 

for our "catchment area" (see below), these advective drip rates correspond to advective flow 
rates, Qdfip, of 4x10-1, 4x10-2, 4xl1- 3, 4x10-4, 4x10-5 , and 4x10-6 m3/yr for each of the waste 
packages that sees dripping. RIP was run with each of these advective flow rates (with fp = 
0.5, i.e., half of the packages dripping) and a diffusive release rate of 6.1x10 5 m3/yr, and two 
radionuclides were considered: 239pu, which has a relatively low solubility, and 99Tc, which has 
a relatively high solubility.
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For solubility-limited radionuclides, such as 239Pu, Figure 7.3-9 shows that the release rate is 
proportional to the total flow rate. Thus, averaging the total flow rate over the packages that see 
dripping will be equivalent to averaging the release rate over these packages, showing that the 
release rate is not affected by using E[qdip] for all packages.  

Figure 7.3-10 shows the release rates for 99Tc, a radionuclide that is not solubility-limited. The 
three curves corresponding to the high infiltration rates superimpose. This shows that for high 
infiltration rates the release rate is bounded by the amount of available 9Tc, i.e., it is controlled 
by the waste-form dissolution rate. Thus, the total flow rate does not matter, and using E[qdp] 
will have little effect. For the three curves corresponding to the low infiltration cases, it can be 
seen that the curve corresponding to the middle flow rate is generally about equidistant between 
the other two curves. This suggests that averaging the total flow rates will have an effect close 
to averaging the release. Therefore, when the release is either flow-rate controlled or dissolution
rate controlled, or in between these two extremes, Figure 7.3-10 suggests that using E[qp] for 
all packages is reasonable.  

To get the total volumetric flow, Qdip, onto each waste package, the effective "catchment area" 
is computed as twice the package length times twice the package diameter. Therefore, Qdip = 

4Awpqdfip, where Awp is the maximum cross-sectional area of the waste package, perpendicular to 
flow. Once the first pit goes through both the inner and outer waste-package containers (and also 
the cladding), it is assumed that all of the waste-form area is exposed to dripping flow. This is 
the assumption made in the so-called "drips-on-waste-form" model of EBS transport-the default 
model used for all RIP simulations (see Chapter 9). This is a more conservative (pessimistic) 
assumption than the diffusive-release model, for which diffusive release is a function of the pitted 
area. For other models of EBS transport, specifically, the "drips-on-waste-container" model (see 
Chapters 6 and 9), the drips do not contact the waste directly, but only the waste-package outer 
surface-pits in the waste container are assumed to be filled with corrosion products that do not 
allow direct contact of the dripping flux with the waste form. Thus the radionuclides must first 
diffuse through the corrosion-filled pits in the waste package before they interact with the 
dripping flow. A sensitivity analysis comparing these two models is presented in Chapter 9.  

As discussed in Chapters 8 and 9, without dripping fractures, aqueous-phase radionuclides leave 
the near-field environment at very low concentrations. This is because diffusive releases are 
quite low. It shows that, if an effective capillary barrier could be constructed (one that could 
intercept even dripping fractures), then the repository would reduce releases/doses by several 
orders of magnitude compared to the drip scenario. (Note: There is still diffusive transport 
across the EBS when dripping water is present, however, it is negligible when compared to the 
advective releases. The diffusion model used is discussed in Section 6.5.) 

The effect of climate change on dripping flow in the near-field is discussed in Section 7.7.
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7.4 UNSATURATED-ZONE TRANSPORT

"-• 7.4.1 Introduction 

At the time of the TSPA-1995 simulations, the Yucca Mountain process-level aqueous-transport 
model was incomplete (Robinson et al., 1995). Thus, unlike the TSPA-1995 UZ flow model, 
which is based on abstracted process-level model results, the TSPA transport model is 
incorporated directly into the RIP TSPA model. It is partly based on the abstractions from the 
process-level flow model (i.e., the matrix and fracture velocity fields and the partitioning of 
volumetric flow between fractures and matrix), but also includes a fracture-matrix interaction 
model (to represent intra-unit fracture connectivity and matrix imbibition) and a radionuclide 
retardation model (to represent chemical interaction between the matrix and pore water), neither 
of which is based on process-level transport modeling (although the chemical retardation model 
is based on LANL experiments on whole tuff samples).  

7.4.2 Unsaturated-Zone Transport Stratigraphy and Model Dimensionality 

For TSPA-1995, transport simulations have been conducted using the stratigraphy from the 
USGS/LBL unsaturated-zone site-scale model (Wittwer et al., 1995). Because of the intensive 
computational nature of performing multiple realizations, the numerical grid of the USGS/LBL 
process-level model must be averaged to a much larger scale for use in the RIP TSPA model.  
This involves both areal and vertical spatial averaging. The vertical averaging is natural, since 
although the USGS model has 8 units below and including the repository horizon, the material 
properties assigned to several units are about the same, and lead to a natural division into four 
hydrogeologic units below the repository-TSw (Topopah Spring welded-devitrified), TSv 
(Topopah Spring welded-vitrophyre), CHnv (Calico Hills nonwelded-vitric, and CHnz (Calico 
Hills nonwelded-zeolitic). These are the hydrogeologic units used within the process-level flow 
simulations that provide velocity distributions for RIP transport simulations (see Figure 7.2-2).  
Although this division of units within the site-scale flow model is sufficient for simulating water 
movement, there is a significant amount of Prow Pass (PP) formation below the CHnz and above 
the water table, which has different sorption properties than the CHnz. Therefore, for the 
purposes of radionuclide transport, the CHnz from the USGS/LBL model is subdivided into CHnz 
and PPn (nonwelded-devitrified) units (see Table 7.4-1).  

7.4.3 RIP Geosphere Pathways 

The RIP TSPA code considers radionuclide transport to be one-dimensional (I -D), i.e., the RIP 
transport abstraction solves an advection-only or an advection/dispersion equation in I -D.  
However, many l-D aqueous-transport paths may be included in the problem domain to 
approximate 2-D or 3-D aqueous transport. For the RIP simulations in this report, 3-D aqueous 
transport in the unsaturated zone is simulated by either six 1-D vertical columns (high thermal 
load) or ten 1 -D vertical columns (low thermal load), covering the area of the potential repository 
(see Section 3.8 for details regarding pathway geometry). As discussed in Section 7.2, 2-D 
effects on flow were considered when deriving the velocity and fracture-flow abstractions.  

Each of the UZ vertical columns in RIP is represented as a series of "stacked" flow pathways 
(Figure 7.4-1). As described in Table 7.4-1, each UZ column consists of five pathways of

7-13



differing thickness from column to column: TSw, TSv, CHnv, CHnz, and PPn. All columns 
empty into one saturated-zone (SZ) pathway (devitrified), which connects with the accessible
environment (AE) boundary-the regulatory "fence" at 5 km downstream of the repository. The 
SZ pathway runs horizontally in the direction of the regional flow gradient from below the 
repository to the boundary. For purposes of dose calculations, a biosphere (or dose) pathway 
is connected to the end of the SZ pathway and converts the concentrations at the accessible 
environment into dose. The TSPA model does not account for the fact that different UZ columns 
will be at differing distances from the AE boundary. However, this is a conservative assumption, 
if the AE boundary is 5 km from the outer perimeter of the repository footprint.  

The 1-D advection/dispersion (or advection-only) radionuclide mass-transport equation is solved 
in each individual pathway using finite differences. Input/output of each pathway is determined 
by its connections to other pathways, and defines the path over which the nuclides travel from 
the repository to the accessible environment. In summary, each pathway in RIP is similar to a 
coarse grid block in a process-level simulation. This "grid block" represents an areal average 
of a certain portion of the repository footprint (either 1/6 or 1/10) plus a vertical average over 
an entire hydrogeologic formation (e.g., the TSw).  

7.4.4 Fracture/Matrix Interaction in the Geosphere 

Process-level conceptual model 

In TSPA-1993, Andrews et al., (1994) considered only matrix transport of radionuclides; 
however, as shown by the Calico Hills System Study (M&O, 1995d), fracture flow through the 
unsaturated zone can significantly reduce travel time to the accessible environment. Thus, in 
TSPA-1995, both fracture and matrix flow and transport are included.  

In order to simulate particle transport in the RIP TSPA model, velocity fields for both fracture 
and matrix transport are required. The process-level model (and its abstraction to the TSPA 
model) for these velocity fields is discussed in detail in Section 7.2. A brief summary of how 
this model affects transport is given here. In this conceptualization of fracture/matrix aqueous
phase flow, the TOUGH2 process-level flow model is applied to a representative vertical column 
from the LBL-USGS model to determine the percent fracture flow and the matrix velocity as a 
function of depth-for an unsaturated-zone column that has an area (perpendicular to flow) of 
about 5 x 105 m2 (i.e., 1/6 of the repository area for the 83 MTU/acre case). The simulations are 
for ambient conditions only (i.e., not thermally perturbed) and are carried to steady state in order 
to determine fraction of flow through fractures, ffra = Qf= jQt; matrix interstitial velocity, vmat; 
and matrix water saturation, SW, as functions of a given infiltration flux, qif. The 1 -D simulations 
have been spot-checked against results from 2-D cross-section simulations to make sure any 
important component of horizontal velocity is not missed.  

From these simulations, which use the equivalent continuum model (ECM), two families of 
curves (vmat VS. qinf and ffc vs. qinf) were generated. The range in uncertainty of vyin, or ff,. for 
any given qinf was determined by a range in the following parameters: material properties, 
including K.t, ý, and van Genuchten parameters; fracture/matrix coupling as represented by a, 
the "satiated" matrix-water saturation for fracture flow; and vertical spatial variability within a 
given hydrogeologic unit. For water saturation, only a single curve was determined for average
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S, vs. qif, rather than a family of curves. This is because it has much weaker variability with 
material properties compared to the variability in ff., and vmt. The minimum and maximum from 
each family of curves for vmat and ff., are shown in Figures 7.2-8 to 7.2-11 and the raw data are 
shown in Tables 7.2-3 and 7.2-4. These minimum and maximum curves are used in the TSPA 
model to describe the entire family (see next section).  

TSPA abstracted model 

Based on the above discussion, the infiltration rate, qif, is the primary independent variable for 
geosphere transport in the aqueous phase. In particular, during a stochastic simulation, RIP will 
sample from a qif distribution (see below) to determine the qinf at repository closure (i.e., the 
initial qif). For this value of qinf, there will be stochastic distributions of vmat and ff,,C (as 
functions of depth or pathway). These distributions are described by the minimum and maximum 
values of the given parameter at that qif, as illustrated by the minimum/maximum curves on 
Figures 7.2-8 to 7.2-11. Random uniform sampling between these minimum and maximum 
values is used to determine a stochastic initial vMt and ffrc for a given realization (see Figure 
7.2-3). During any given simulation (realization), q1nf may change due to climatic variations, and 
thus, ff., and vmai will be time dependent. (The time dependence of S, is not considered because 
RIP does not allow time-varying retardation factors-the S, distribution is only used in the 
retardation factors.) 

Let us designate U(O, 1) to be the random fraction (uniformly sampled) between the minimum and 
maximum value of ff,• at any given value of qif. Then we find the corresponding value of ff., 
(designated as f) as follows (see Figure 7.2-3): 

f -fin = U(O,1) (7.4-1) 

fm.x -fmi 

and the corresponding value of vmat (designated as v) as follows: 

lg 10v - 1oglOVmin = 1 - U(0,1) (7.4-2) 

1og,0 v,,- Iog0 

Regardless of climate change (i.e., changing qinf), the initially sampled fraction, U(0,1), is used 
throughout the simulation for each new value of qinf, i.e., at all values of time, t. This maintains 
the same distance between the minimum and maximum curves throughout the simulation.  

To model geosphere transport in fractures and/or faults, RIP divides the flow on a volume basis 
between matrix and fracture "flow modes", according to a user-defined percentage, i.e., according 
to ff, Then RIP uses a plug-flow solution (i.e., pure advection) for mass transport in each flow 
mode. Except for the CHnv pathways at low infiltration rates (0.01 - 0.05 mm/yr), all pathways 
exhibit some degree of transport through fractures (see Table 7.2-3). Velocity in the matrix-flow
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mode, Vmat, is given by v from Equation 7.4-2, and velocity in the fracture-flow mode, vf,•, is 
taken to be 

f, qacqinf (7.4-3) 
1frac -- Pfrac 

where Of, represents the fracture porosity and is assumed to be equal to 0.001.  

Dispersion between fracture- and matrix-flow modes is simulated by a Markovian process 
algorithm that randomly transitions particles between fracture and matrix modes (Golder, 1994), 
with a distribution equal to the natural logarithm of a random uniform sample between 0 and I 
(Figure 7.4-2). The transition rate, X, is a user input. For TSPA-1995, the default particle
transition rate for the Markovian dispersion process between fracture and matrix is set equal to 
the inverse of the pathway length. This means that on average a radionuclide particle will travel 
the length of the pathway (e.g., through the TSw) within a fracture, before transitioning to the 
matrix-flow mode or vice-versa. For a slug input through a single pathway (i.e., one 
hydrogeologic unit), this will result in some smearing of the two peaks (fracture and matrix) in 
the breakthrough curve, but will retain much of the bimodal character of the breakthrough curve.  
For a series of connected pathways, however, most of the bimodality is lost-not necessarily 
because of the Markovian process, however, but because of the connections between paths.  

Consider, as an example only, four connected pathways (of approximately the same length) with 
50% of the flow through fractures in each pathway (Figure 7.4-3); and suppose an initial pulse 
input of mass is injected into the beginning of the first pathway (e.g., TSw). The 50% of the 
slug that enters the fractures will exit the first pathway much sooner (in general) than the 50% 
in the matrix. When this fracture-transported mass enters the beginning of the second pathway 
(e.g., the TSv), 50% of it will enter the fracture flow mode of the second pathway and 50% will 
enter the matrix flow mode. Thus, only 0.5 x 0.5 = 0.25 or 25% of the initial part of the slug 
will pass through the fractures of the second pathway. Thus, for the fourth pathway (e.g., the 
CHnz), only (0.5)4 or 6% of the initial slug will pass through fractures in the fourth pathway.  
This means that the initial arrival of nuclides through fractures to the accessible environment will 
have a much lower mass release than if the fractures in each unit were connected directly with 
each other. Although this is apparently not a conservative assumption, it does seem more 
realistic. Similar to a slug input, this same effect will be visible at the beginning of a 
breakthrough curve resulting from a continuous input. In either case, if the fraction of fracture 
flow is much less than 50%, the initial arrival of nuclides will be less by the corresponding 
fraction raised to an exponent equal to. the number of connected pathways (assuming the same 
fracture-flow fraction and the same pathway length for each formation). Thus, fracture flow in 
TSPA- 1995 has less of an impact than might at first be suspected. In order for it to have a much 
greater effect, it would be necessary to assume a fault pathway with a more direct connection to 
the accessible environment. (Note: The value of 50% is only used for illustrative purposes. The 
actual value is ff, which is different for each formation.) 

For most simulations the matrix/fracture particle transition rate is Xk=l/L, where L is the 
formation thickness. However, because X is uncertain, a sensitivity case comparing various 
values of X has been conducted (see Sections 9.2.3 and 9.3.3).
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Geosphere pathways are assumed to be at ambient temperature conditions at all times. The only 
modification to other ambient conditions during the course of a simulation (i.e., a realization), 
will be the time-dependent change in infiltration rate and water table height caused by climate 
change (see Section 7.7). This will in turn cause a change in fracture flux, matrix flux and 
velocity, and pathway length in the unsaturated zone.  

7.4.5 Comparison of UZ Transport Models in RIP and FEHM 

As outlined in the previous sections, the representation of unsaturated-zone transport implemented 
in RIP is based primarily on "lumped" descriptive parameters, in particular, the fracture/matrix 
transition rate. Such an approach utilizes information regarding the flow field from calculations 
external to RIP (e.g., fractional fracture flow and matrix pore velocity), and then solves the 
transport problem using an empirical Markovian algorithm within RIP. Li et al. (1995) have 
recently examined the validity of this hybrid approach in RIP vis-a-vis detailed process modeling 
of coupled unsaturated flow and transport with FEHM (Zyvoloski et al., 1995).  

The basic approach used in the Li et al. study was to simulate steady-state flow and transient 
transport with FEHM, and then compare the transport simulations with those from RIP. A one
dimensional vertical column, similar to that used by Ho (1995), was utilized for the simulations, 
with hydrogeologic properties taken from Schenker et al. (1995). For the FEHM. model, a 
saturated boundary condition was applied at the bottom and a constant flux boundary was applied 
at the top. Solute transport was simulated by injecting a conservative tracer of constant 
concentration at the top, and monitoring the breakthrough curve at the bottom. The flow 
calculations were carried out using the dual porosity/dual permeability (dpdp) option in FEHM.  
Since RIP does not have the ability to simulate flow, steady-state velocity profiles in both 
fractures and matrix blocks were abstracted from FEHM and input into RIP. The matrix/fracture 
transition rate parameter was varied to get a visual match between the breakthrough curves 
predicted by RIP and FEHM. This process was repeated for multiple infiltration rates and solute 
diffusion coefficients. (N= The velocity profiles from FEHM, generated during this 
comparative study, were not used in TSPA-1995 simulations. Velocity profiles for TSPA-1995 
came from the TOUGH2 simulations described in Section 7.2.) 

Information regarding the models and parameters, together with results for infiltration rates of 
0.5, 1.0 and 4.0 mm/yr, and for matrix diffusion coefficients of 0, lxl0-12 and lxl-1 0 m2/s, are 
discussed in detail by Li et al. (1995). For reasons of brevity, we present here only the results 
for an infiltration rate of 4.0 mm/yr assuming no matrix diffusion (Figure 7.4-4). The 
breakthrough curve labelled 'FEHM' represents a composite of the fracture and matrix 
breakthrough curves weighted by the component porosities. The other curves are RIP predictions 
(also for the composite medium) corresponding to a range of values for the transition rate 
parameter, A. Note that the general character of the RIP- and FEHM-predicted breakthrough 
curves are quite similar, and a value of X =_ 1L appears to provide a reasonable match between 
the two curves. The first arrival time predicted by RIP is much later than that predicted by 
FEHM, primarily due to the use of a large initial time step size (at = 175 yr), which was 
necessary to simulate a time period of 106 years without violating the constraint on the allowable 
number of time steps in RIP.
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These results from the Li et al. (1995) study indicate that properly accounting for the pore 
velocities, and the partitioning of flow between the fractures and the matrix, in the RIP transport 
simulations (via abstractions from FEHM, or TOUGH2, flow simulations) helps provide a sound 
basis in predictions of geosphere transport. Furthermore, these results suggest that the Markovian 
transport algorithm implemented in RIP provides results which are comparable to those from 
detailed flow and transport simulations with FEHM.  

7.4.6 Radionuclide Retardation 

In TSPA calculations all rock/water interactions that can serve to retard the transport of 
radionuclides are modeled with a simple, equilibrium (infinite capacity), distribution-coefficient 
(Kd) model.  

Consider a simple equilibrium sorption reaction where species Ai in the aqueous phase reacts 

with species A sorbed onto the rock matrix: 

A. (7.4-4) 

The differential material-balance equations (per bulk volume) for Ai and A2 are: 

+ U = R (7.4-5) 

at " ax 

D)[Z: p,(1 -0)] _- -R (7.4-6) 

at 

where 

moles of radionuclide i in aqueous phase 
liter of aqueous phase volume 

moles of radionuclide i on solid phase 
g of solid phase 

= liters of aqueous phase volume 
wliter of pore volume 

liters of pore volume 
liter of bulk volume 

liters of solid volume 
liter of bulk volume
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R, g of solid phase 
PS liter of solid phase volume 

uw liters of aqueous phase volume = Darcy velocity of aqueous phase 
(dmi2 of bulk area) x time 

R =moles of radionuclide i in reaction 
(liter of bulk volume) xtime 

x -decimeters (dm) of bulk length 

Combining the above two equations gives the total material balance for species i: 

a ac.  
[OS.c,+ iPs(l-)]+ u-- =- 0 (7.4-7) at wa 

Defining the sorption (or distribution) coefficient, Kd, as 
Kd_- moles of radionuclide i per g of solid phase -1000_ i (7.4-8) 

moles of radionuclide i per ml of aqueous phase ci 

and combining with the above equation gives 

a[0Sc +a) = 0 (7.4-9) 
at IV di+wa = 

where Pm = p /1000 and has units of g/cm 31 Factoring out OSw and rearranging, gives 

Pin(1 -9) ac. uw _c 

[ + Kd]C- +÷ - -0 (7.4-10) . O" dat OS aX 

The definition of bulk density, Pb, in a consistent set of units (e.g., Pb in g per cm 3 of bulk 
volume, p, in g per cm 3 of pore volume, Pm in g per cm3 of solid-phase volume, 0 in cm 3 of pore 
volume per cm 3 of bulk volume, 1 - 0 in cm 3 of solid-phase volume per cm 3 of bulk volume) is 

Pb=( 1 -O)P", + d PV (7.4-11) 

The "dry" bulk density, pM, i.e., the density when Sw = 0, is defined as 

Pbd- PbPw=(1 )Pm (7.4-12) 

Thus, substituting pd for pr(1 -0) in Equation 7.4-10 gives
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[I + pbKa]"d"S KS dx =0 (7.4-13) 

With regard to consistency of units, this substitution between Equations 7.4-10 and 7.4-12 is valid 
because 0 is just a fraction. Thus, although in Equation 7.4-13, pbd takes on the numerical value 
of dry bulk density in units of g/cm 3, it actually has units of 

g of solid phase × liters of solid phase volume (7.4-14) 
cm 3 of solid phase volume liter of bulk volume 

It can now be seen that the apparent velocity of radionuclide A, is given by the interstitial 
velocity in the water phase, v, = u,4S,,, divided by the retardation coefficient, Rd, where 

Rd = 1+ -Kd (7.4-15) 

In TSPA-1995, the Schenker et al. (1995) distributions were used for both pb and o in the rock 
matrix of the various hydrogeologic units. Schenker's stochastic distributions for bulk density 
are based on measurements of both Pb and p9d, and values in between where 0 < S, < 1. For 
Sw in Equation 7.4-15, the process-level results for matrix water saturation were used (S, in 
Tables 7.2-3 and 7.2-4).  

Distribution coefficients represent many possible processes, including ion-exchange, sorption, 
surface complexation, and precipitation/dissolution. Because Kds are used to model such a wide 
range of basic phenomenological processes, they must necessarily be modeled as stochastic 
parameters with a high degree of uncertainty when used in abstracted TSPA models (and even 
in process-level models). The distributions used for TSPA-1995 are based in part on an expert 
elicitation workshop conducted for TSPA-1993 (Andrews et. al., 1994), and represent 
conservative estimates. However, in part because of recent experiments at LANL (Triay et al., 
1995c; 1995d; and 1995e), which determined Kds for Np, U, Pu, and Se for whole-rock tuff 
samples, the Kds from TSPA-1993 have been updated (Meijer, 1990; 1992; and 1995). Kds for 
three different rock types were measured: devitrified tuff, vitric tuff, and zeolitic tuff.  
Distribution coefficients for these rock types are different in the unsaturated zone compared to 
the saturated zone, mainly because of ionic strength. For TSPA-1995, the saturated zone was 
modeled as devitrified; therefore, besides the three types of Kd distributions in the unsaturated 
zone, there is one additional set of distributions for the saturated zone. All Kd distributions are 
shown in Tables 7.4-2 and 7.4-3.  

7.5. TRANSPORT OF GASEOUS-PHASE RADIONUCLIDES 

For TSPA-1995, geosphere transport of radionuclides in the gaseous phase of the unsaturated 
zone is not considered. The primary radionuclide to be transported in the gas (air) phase would 
be "4C. However, given the recent recommendations of the NAS (National Research Council, 
1995) on protection of the global population, it is clear that the risk from gaseous release of 14C 

is negligible. However, TSPA-1995 does assume that the 14C released from the inventory is 
dissolved in the aqueous phase once it reaches the geosphere (i.e., the top of the TSw), and is 
then transported by the aqueous phase to the accessible environment. Since this is a very
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conservative assumption with respect to computing dose at the accessible environment, Chapter 
9 has a sensitivity analysis that computes dose at the accessible environment when 14C is directly 
released to the atmosphere, i.e., if it never enters the aqueous phase and therefore does not 
contribute to dose exposure in a water well at the accessible environment.  

The other two radionuclides that may be gaseous in the WP/EBS are 1291 and 36C1 (Golder, 1993).  
It is assumed that they leave the waste packages in gaseous form, transport immediately through 
the EBS, and then dissolve in the aqueous phase in the TSw. Then they are transported through 
the geosphere as aqueous-phase solutes. Assuming that 1291 and 36C1 are released in gaseous form 
from the inventory is a conservative assumption, and it implies that their transport through the 
EBS is unaffected by dripping fractures or by a diffusion barrier around the packages. Thus, in 
the capillary-barrier scenario, 1291 controls the peak dose at the accessible environment (see 
Chapter 9). However, it is debatable whether highly reactive species such as 12 and Cl2 would 
make it through the WP/EBS environment in the gaseous phase, or whether they would instead 
be dissolved into the aqueous phase. Thus, we have included a sensitivity case (Chapter 9) that 
considers aqueous-phase transport of 1291 and 36CL through the EBS.  

7.6 SATURATED-ZONE TRANSPORT 

7.6.1 Saturated-Zone Flux Distribution 

The saturated-zone flux affects the arrival time of radionuclides at the accessible-environment 
boundary as well as the degree of mixing and dilution in the ground water of the tuff aquifer 
prior to its extraction and use. Since process-level modeling of saturated-zone flow and transport 
has not changed appreciably since the completion of TSPA- 1993, the same abstraction and basis 
thereof used in the previous TSPA iteration is also used in the current analyses. The saturated
zone fluxes (qsz) come from simulations by Barr (1993), but are based on limited borehole data.  
The 2-D simulations of Barr were based on a composite or bulk permeability/flux model, which 
used a conductivity distribution that represents an average of matrix and fracture permeabilities 
(similar to an equivalent continuum model). The saturated-zone flux distribution used in TSPA
1993 and TSPA-1995 used the entire 2-D distribution of nodal fluxes to represent the possible 
range of spatially averaged 1-D flux in the saturated zone. Remember that since RIP only 
considers I-D transport, that the 2-D flux distribution from the Barr process-level model would 
have to be averaged to 1-D. Rather than trying to match the breakthrough curve of a 1-D model 
to some spatially averaged 2-D breakthrough distribution from the composite permeability 
process-level model, we just used the entire 2-D distribution of steady-state nodal velocities (or 
fluxes), and sampled from this distribution to determine the 1-D qsz for any given realization.  

The actual distribution for qsz (Darcy velocity in the saturated zone) used in TSPA-1995 is a log
normal distribution with a mean of 2.0 m/yr, a median of 1.0696 m/yr, and a standard deviation 
of 0.4859. Based on this distribution, both TSPA-1993 and TSPA-1995 indicate that the 
saturated zone is not a significant geosphere barrier compared to the unsaturated zone, as far as 
time dely of the breakthrough to the accessible environment. The saturated zone's greatest 
importance lies in its dilution effect. For TSPA-1995, aqueous transport through the saturated 
zone also assumes longitudinal dispersion, with a dispersivity equal to 10% of the path length 
from the base of the repository to the accessible environment (i.e., equal to 500 m). Because RIP 
considers only one-dimensional transport, no lateral dispersion is possible.
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7.6.2 Dilution and Dose at the Accessible Environment

After exiting the base of the unsaturated zone, transported contaminants undergo longitudinal 
dispersion within the saturated zone before reaching the accessible environment at 5 km from the 
repository footprint. In order to compute doses at the accessible environment, the radionuclides 
are assumed to be mixed (diluted) into a volume of groundwater equal to the width of the 
repository times an arbitrary 50-m mixing depth (or screened interval of a well penetrating the 
saturated-zone tuff aquifer) times the mean aquifer flux. In particular, dose exposure is computed 
from mass release rate by the following equation: 

M.  
D =-2. DCF. (7.6-1) 

Qm' 

where 

Di = dose for radionuclide i (rem/yr), 
Mi= mass rate of release for radionuclide i (g/yr), 
Qm = mixing volumetric flow rate (m3/yr), and 
DCFi = dose conversion factor for radionuclide i (rem-m3/g-yr).  

Note that M/Qm is the mass concentration of the given nuclide in the media of interest, e.g., the 
drinking water. Mi is just the mass rate of release into the saturated zone, as computed by RIP.  
The mixing volumetric flow rate, Q., is based on the Darcy velocity in the saturated zone and 
the screened interval of a water well that penetrates the saturated zone. Here we define the 
screened interval as the depth, h, in meters from the top of the saturated zone to the total depth 
of the well. We make the conservative assumption that the vertical dispersion in the saturated 
zone between the repository boundary and the water well is such that none of the nuclide mass 
is dispersed beyond the screened interval. Thus, the mixing volumetric flow rate for the purposes 
of computing mass concentration is given by 

Q.= hW rpqsz (7.6-2) 

where 

Wrp = approximate width (m) of repository, perpendicular to the direction of flow in the SZ 
qsz = saturated-zone Darcy velocity (m/yr).  

We assumed a repository width of 4 km and a screened-interval depth of 50 m. If qsz is 2.0 m/yr 
(the mean of the qsz distribution-see above), this gives a Qm equal to 400,000 m3/yr.  

The dose conversion factors in Equation 7.6-1 were selected from the EPA dose conversion 
factors (EPA, 1988) for ingestion only. These EPA dose conversion factors were converted to 
an assumed drinking-water exposure scenario. The receptor was assumed to drink 2 liters of 
water per day. The dose conversion factors are presented in Table 7.6-1. The dose exposure 
generated over the time period of interest is the maximally-exposed-individual, whole-body dose 
for a person that obtains all of their drinking water from the contaminated saturated zone. For 
simplicity and ease of comparison with other dose analyses, this assumption is different than the
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TSPA-1993 evaluation which considered both drinking water and crop irrigation. A comparison 
of the TSPA-1995 and TSPA-1993 dose conversion factors is included in Table 7.6-1. Generally, 
the dose conversion factors used in TSPA-1995 are smaller than those used in TSPA-1993. A 
more detailed analysis of the exposure scenarios will be conducted after the NAS 
recommendations are evaluated and the regulation for dose has been promulgated.  

7.6.3 Dilution in the Regional Aquifer 

Based on the recent NAS study (National Research Council, 1995), additional dilution of the 
concentration at the accessible environment (dose reduction) would be expected to occur between 
the accessible environment and the location where the critical group is assumed to withdraw 
ground water, based on two processes. These processes are mixing of ground water from two 
sub-basins in the vicinity of wateruse (see Figures 2.5-1 and 2.5-2), and by lateral and vertical 
dispersion over the longer path length. The dilution of the concentration from mixing of 
groundwater from the two sub-basins in the vicinity of groundwater withdrawal is 3.5. This was 
determined by dividing the sum of northwestward flow from the Amargosa Desert (20,000 
acre-ft/yr) plus southward flow from Yucca Mountain (8,000 acre-ft/yr) by the southward flow 
from Yucca Mountain (see Table 2.5-1).  

The amount of dispersion over the longer path length is largely a function of the regional flow 
system and the heterogeneity along the migration paths within the flow system. The reduction 
in concentration of radionuclides over a path length L in an infinite homogeneous aquifer with 
a steady-state pore velocity (vx) may be approximated using an advection-diffusion model: 

-c +v- =D - +D - +D -- (7.6-3) 
at Yx aXx 2  Yay2 aZz2 

where C is the radionuclide concentration, vx is the average linear velocity in the x direction and 
Dx, Dy, and Dz are the dispersion coefficients in the x, y, and z directions, respectively. For 
steady-state transport, the concentration becomes independent of time, and for large time (t >> 
2Dx/v. 2 ), the longitudinal dispersion term may be neglected. Under these conditions, Equation 
7.6-3 reduces to the following form: 

ac a2C a92C 
v- =D -- +D (7.6-4) &) y ay 2  z Z2 

This is just the two-dimensional diffusion equation, with an equivalent "time" represented by x/vx, 
the downstream travel time. The general solution of Equation 7.6-4 for an instantaneous point 
source is: 

= (2Mi/v.) ex y 2 __ Z 2 (765 
C(x,y,z) 4 -( x/vx) exp {) zx (7.6-5) 

where 0 is the porosity and M is the mass flux (mass input per unit time). The factor of 2 is 
included because radionuclides cannot disperse into the upper half-plane above the water table.
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This effect is incorporated through symmetry about the water table by including an extra image 
source of the same strength at the same position as the original source, resulting in a 
concentration that is doubled.  

Instead of a point source, if we represent the mass flux into the saturated zone as a line source 
of length I oriented orthogonal to the saturated zone flow direction, then the downstream 
concentration may be represented by the superposition of Equation 7.6-5 over a series of 
infinitesimal point sources between (x,y,z) coordinates (0, - 112, 0) and (0, 1/2, 0). Therefore,

I 

C(xyZ) 0/1) 1/2 (/lvd) expý- (y -'I)2 

xyz= )f 2 DD (XIv) 4D (x/v) 

Integrating Equation 7.6-6 and letting 

Dr = Cývx = PyX Vj 

D=acv1 =P•xv.  Ozc~v = j zx v,

4D(xlvx)

gives the concentration:

C(x,y,Z) = (Mul) 
24vx~F7

exp ,erf1 ll2 +erf fl12 -y 
4[2xO/yJ [2xI •-y/

The dispersivity model for ao, and aý assumed in Equations 7.6-7 is based on the observation in 
field-scale dispersive transport processes that the effective dispersion coefficients are proportional 
to the distance traveled and the flow velocity.  

The concentrations are at a maximum at the centerline, i.e. y = 0 and z = 0. At the centerline, 
Equation 7.6-8 reduces to

C(x,0,0) = (l ) erf l 
qszX•• [x F7 P' 4P

(7.6-9)

where qsz = ýV, is the saturated-zone Darcy velocity. To obtain a dilution factor, note that 

1Ai = C zquzArep 

C (7.6-10) 
and S = _..Z C
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where S is the dilution factor, Cu. is the radionuclide concentration in the unsaturated-zone flow 
entering the saturated zone, q. is the unsaturated-zone Darcy velocity, and ArP is the "repository" 
area (actually, the contaminated-flow cross-sectional area entering the saturated zone, assumed 
to be equal to the waste-package catchment area of 41 m2 ----see Section 7.3-times 10,000 waste 
packages, which equals approximately 4x10 5 M 2).  

Rearranging Equation 7.6-9 and using the definitions in Equation 7.6-10 to solve for the 
centerline dilution factor gives: 

S qszlxn 

quzArep erf { l (7.6-1l) 
•4x Of•Y 

Estimates of the effects of dispersion on peak (centerline) concentration between the repository 
and points downstream can be made using Equation 7.6-11 by assuming values for the transverse 
"dispersivity-scale coefficients", P3y and P3,. The distances from the repository to the accessible 
environment and the potential point-of-use at Amargosa Farms are 5 km and 30 km, respectively.  
A longitudinal dispersivity-scale coefficient, P3x, of 0.1 was assumed for TSPA-1993 (Andrews 
et al., 1994). Transverse dispersivity-scale coefficients, 1.y and 01,, are generally a factor of 1.5 
to 10 smaller than P3,. Using 0,, equal to 0.1, the longitudinal dispersivity, cr, at Amargosa 
Farms would be 3 kilometers, which seems perhaps too large compared with observed values.  
Therefore, we conservatively assume that P3, is 0.01, resulting in a minimum value for PY and 
P. of 0.001 (i.e., assuming they are 10 times smaller than P.,). qsz is assumed to be about 2 m/yr 
(see above), the line source length, 1, is given a value of 4 km (see Section 7.6-2), and the 
"repository" (contaminated-flow) area is about 4x 105 M2. A table of dilution values are computed 
for downstream distances of 5 km and 30 km and for UZ Darcy velocities of 1.25x10-3 m/yr and 
3.Ox 10-5 m/yr. (These are the expected values for the high and low qif* ranges discussed earlier 
in this chapter. Note that quz = qinf.) 

Centerline (Minimum) Dilution Factors

quz S=CUZ/C 
(m/yr) 5 5km 30 km 

1.25x10 3  4.5x10 3  3.1x10 4 

3.0x I0V 1.9X 105  1.3x10 6 

The "stirred tank" mixing model discussed in section 7.6.2 for dilution in the saturated zone 
between the repository and the accessible environment (5 km) gives dilution factors 
(= qszWph/quzAý,p) of about 800 and 3.3x 104 for the high and low quz cases, respectively.  
Therefore, the advection-diffusion centerline (minimum) dilution values are larger than the 
mixing-model dilution values by a factor of about 6 at the 5-km AE boundary. However,
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average dilution values for the advection-diffusion model, found by integrating over a 
4-kilometer-wide, 50-meter-deep cross-section, are larger by a factor of about 12.  

The increased dilution in the advection-diffusion model is largely due to the increased mixing 
depth (see below) compared with the assumed 50-m depth used in the "stirred tank" mixing 
model. Although concentrations computed with the advection-diffusion model are sensitive to 
the choice of dispersion coefficients, the values chosen here are believed to be conservative.  

The dilution due to dispersive mixing between the accessible environment (x = 5 km) and the 
potential point of use at Amargosa Farms (x = 30 km) may be computed from the ratio of the 
dilution factors for a given value of quz, and is found to be about a factor of 7. Total dilution 
between the accessible environment and the potential point of use is the product of dilution due 
to dispersive mixing during transit from the accessible environment to the point of use (Amargosa 
Farms) (S = 7) and the subbasin mixing expected due to inflow from the Amargosa Desert 
aquifer (S = 3.5). Therefore a dilution factor (dose reduction factor) of at least 25 can be applied 
to calculated concentrations at the accessible environment to approximate the doses at Amargosa 
Valley.  

The advection-diffusion model assumes that the line source is in an infinite half-space. This 
assumption is only valid if the dispersive width and depth of the concentration field are small in 
comparison with the boundaries of the regional aquifer system. The horizontal width of the 
dispersive plume may be estimated from the ratio of Equation 7.6-8 at z = 0 to Equation 7.6-9.  
The value of y for which this ratio is 0.1 may be used as an approximate plume width (roughly 
equivalent to two standard deviations from the centerline). This ratio is: 

erf 1/2+y +rf l/2 - y 

C(x,y,O)= 12x -+er }Y (7.6-12) 
C(x,0, 0) 

2 d 

Similarly, for the mixing depth, we have 

C(x,0,z) exp _Z2 (7.6-13) 
C(x,O,0) 4Pz x2} 

Values for the mixing widths and depths at x = 5 km and x = 30 km using a concentration ratio 
of 0.1 are:

7-26



x mixing width mixing depth 
(km) (km) (km) 

5 4.6 0.48 

30 7.7 2.9 

In order to justify these mixing dimensions, and justify the preceding estimates of dilution 
from mixing and dispersion, a regional flow and transport model should be constructed based 
on the hydrostratigraphy of the region, and sensitivity analyses should be conducted to 
determine the sensitivity of dilution factors to the conceptual flow model, heterogeneity along 
the flow paths, and parameter uncertainty.  

7.7 CLIMATE CHANGE 

As discussed in Chapter 2, for the initial value of infiltration flux (Darcy velocity at the surface), 
qinf, we use a bimodal distribution to represent two possible transport scenarios in the unsaturated 
zone beneath the repository: a low infiltration case (0.01 to 0.05 mm/yr) and a high infiltration 
case (0.5 to 2.0 mm/yr). Both of these distributions are sampled uniformly. (0.5 mm/yr was the 
mean value of qif in TSPA-1993.) 

Climatic Variation of Infiltration Rate 

Superimposed on the initial distribution of qinf is the climate change model, given by 

q,,,(t) = q,,f(to)(l +f) (7.7-1) 

where 

f = U(O,4)g,,•(t) 

Here, U(0,4) is a random number uniformly sampled between 0 and 4, and g,(t) is a periodic 
triangular wave with a period of 100,000 years and a peak amplitude of 1 (i.e., g&(t) varies from 
0 at 0 years to 1 at 50,000 years and back to 0 at 100,000 years, and continues like this out to 
1,000,000 years). This model of climate change is consistent with Long and Childs (1993) model 
which expects a 2.5 times increase in qif under full glacial conditions, sometime between 50,000 
to 100,000 years from the present. In Equation 7.7-1, U(0,4) has a mean value of 2, so the 
sample mean of qinf(t) at 50,000 years is 3 times q,,(to). Thus, this is slightly conservative with 
respect to Long and Childs model. Figure 7.7-1 shows the variation in qinf(t) over 1,000,000 
years, with qinf(to) equal to 0.5 mm/yr.  

Climatic Variation of Water-Table Elevation 

Not only did we assume qif to vary with climate, but for some sensitivity cases we also assumed 
a similar model for a simultaneous rise in the water table, up to a maximum of 80 m. If hwt(tO) 
is the initial water-table height, then the time dependent water table height is given by
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h,(t) = h.,(to) + Ah (7.7-2) 

where 
Ahw, = U(0,4)h p(t) 

Here, U(0,4) is the random number from Equation 7.7-1, and ht,(t) is a periodic triangular wave 
with a period of 100,000 years and a peak amplitude of 20 m. Thus, if U(0,4) = 4, then a 
maximum water table rise of 80 m would occur at 50,000 years, whereas if U(0,4) = 0, there 
would be no water-table rise. This is illustrated in Figure 7.7-2 for five values of U(0,4).  

Effect of Climate on Dripping Flow in EBS 

Climate change is also applied to the rate of dripping through fractures in the repository near
field environment. However, rather that change the number of packages that experience fracture 
dripping, we apply a model similar to Equation 7.7-1, which just increases the amount of fracture 
flow through the fractures that were dripping initially. In particular, the average flux (Darcy 
velocity) through dripping fractures changes with climate as follows: 

q di(t) = q dr( to)1 +f) (7.7-3) 
where def e if = U(0,4)g,,ot) 

as defined above in Equation 7.7-1.
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Table 7-2.1 TOUGH2 Results Used in the Testing of the Abstraction Methodology

Unit q}.f V.,t (min) v.., (max) f1 . (min) f. (max) 
(mm/yr) (m/s) (m/s) 

0.1 2.640E- 11 2.890E-11 0 0 
TSw 0.5 8.100E-11 1.170E-10 0 0 

1.0 1.11OE-10 1.560E-10 0.197 0.389 

0.1 6.040E- 11 0 0 
TSv 0.5 1.170E-10 0 0 

1.0 3.400E-10 0.155 0.155 

0.1 2.630E- 11 6.120E- 11 0 0 
CHnv 0.5 9.120E- 11 2.090E-10 0 0 

1.0 1.150E-10 3.430E-10 0 0 

0.1 1.240E- 11 1.840E- 11 0 0 
CHnz 0.5 6.150E- 11 7.940E- 11 0 0 

1.0 6.150E-11 6.900E- 11 0 0

Note: 
qa is applied infiltration rate 
v.. (min) and v. (max) are the minimum and maximum matrix pore velocities 
ff, (min) and ff. (max) are the minimum and maximum fraction of fracture flux
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Table 7.2-2 Comparison of TOUGH2 and RIP Travel Times

-,.  
0•

Infiltration RIP (min) TOUGH2 RIP (max) 
(mm/yr) (yr) (yr) (yr) 

0.1 3.62E+05 4.88E+05 5.67E+05 

0.5 9.17E+04 1.29E+05 1.43E+05 

1.0 5.83E+04 7.91E+04 1.10OE+05
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Table 7.2-3 TOUGH2 Abstractions for the Low-Infiltration Case

Unit qj. I vmat (min) v.at (max) f,,., (min) ffr,} (max) S.  
(mm/yr) (m/s) (m/s) 

0.01 4.29E-12 2.12E- 11 0 5.59E-02 0.759 
TSw 0.02 5.77E- 12 2.83E-1 1 0 8.97E-02 0.781 

0.05 7.59E-12 4.81E-11 0 1.89E-01 0.821 

0.01 4.59E-12 2.27E-I 1 0 5.59E-02 0.940 
TSv 0.02 6.17E- 12 3.03E- 11 0 8.97E-02 0.944 

0.05 8.12E- 12 5.15E- 11 0 1.89E-01 0.952 

0.01 3.95E- 12 2.71E-11 0 0.00E+00 0.398 
CHnv 0.02 5.37E- 12 3.56E- 11 0 0.OOE+00 0.414 

0.05 9.53E-12 5.96E-I 1 0 0.OOE+00 0.446 

0.01 2.86E-12 8.91E-12 0 2.OOE-01 0.712 
CHnz 0.02 4.18E- 12 1.14E- 11 0 2.OOE-01 0.728 

0.05 7.04E-12 1.83E-1 1 0 2.OOE-01 0.763



Table 7.2-4 TOUGH2 Abstractions for the High-Infiltration Case

Unit qI f V.t (min) v.at (max) f} . (min) ff. (max) S.  
(mm/yr) (mis) (mis) 

0.5 8.10E-12 2.87E- 10 4.32E-02 2.81E-01 0.897 
TSw 1 8.10E-12 5.23E-10 1.14E-01 3.98E-01 0.943 

2 7.95E-12 9.96E-10 2.24E-01 5.81E-01 0.979 

0.5 8.67E-12 3.07E-10 4.32E-02 2.81E-01 0.984 
TSv 1 8.67E-12 5.59E-10 1.14E-01 3.98E-01 0.985 

2 8.50E-12 1.07E-09 2.24E-01 5.81E-01 0.986 

0.5 4.95E- 1I 3.36E-10 0 1.02E-02 0.548 
CHnv 1 8.79E-1 I 5.89E- 10 0 1.40E-02 0.605 

2 1.71E-10 1.03E-09 0 2.02E-02 0.659 

0.5 2.86E-1 1 6.85E-1 1 0 4.27E-01 0.954 
CHnz 1 2.74E- 1I 1.23E-10 1.23E-01 6.24E-01 0.970 

2 2.74E-1 1 2.01E-10 2.59E-01 7.26E-01 0.981

-J.  
N•



Table 7.4-1 Stratigraphy for TSPA-1995

Column Thickness (m) Total % total % total 

TSw TSv CHnv CHnz area, 25 area, 83 T~~w 1~ ~ vCn ~ MTU/acre MTU/acre 

1 105 8 92 24 115 345 7.2 14.8 

2 176 8 72 50 38 344 6.1 8.0 

3 87 8 105 32 126 358 4.9 16.4 

4 147 8 87 57 61 359 3.4 11.1 

5 35 7 132 40 158 372 6.3 20.7 

6 113 7 102 43 105 370 8.9 29.0 

7 151 8 55 68 - 282 9.2 0.0 

8 105 15 54 18 48 240 17.7 0.0 

9 80 15 63 21 56 235 14.7 0.0 

10 85 15 47 16 42 205 21.6 0.0
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Table 7.4-2 TSPA-1995 Sorption-Coefficient Distributions (Kd in ml/g) for Unsaturated-Zone units (Meijer, 1995) 

ELEMENT ROCK DIST E[x] COV1  MIN MAX COMMENTS 
TYPE 

Am D2  uniform 100 2000 Same for Ac, Cm, Nb, Sm, Th, and Zr 

V3  beta 400 0.20 100 1000 

Z4 uniform 100 1000 

Pu D beta 100 0.25 20 200 

V beta 100 0.25 50 200 

Z beta 100 0.25 30 200 

U D beta 2.0 0.3 0 4.0 

V beta 1.0 0.3 0 3.0 

Z exp 7.0 - 0 30.0 

Np D beta 1.0 0.3 0 6.0 

V exp 1.0 - 0 15.0 

Z beta 0.5 0.25 0 3.0 

Ra D uniform 100 500 

V uniform 50 100 

Z uniform 1000 5000
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Table 7.4-2 TSPA-1995 Sorption-Coefficient Distributions (Kd in ml/g ) for Unsaturated-Zone units (Meijer, 1995). (Continued) 

ELEMENT ROCK DIST E[xJ COVy MIN MAX COMMENTS 
TYPE 

Cs D uniform 20 1000 

V uniform 10 100 

Z uniform 500 5000 

Sr D uniform 10 50 

V uniform 0 20 

Z uniform 500 2000 

Ni D beta 100 0.33 0 500 Same for Pd 

V beta 50 0.33 0 100 

Z beta 100 0.33 0 500 

Pb D uniform 100 500 

V uniform 100 500 

Z uniform 100 500 

Sn D uniform 20 200 

V uniform 20 200 

Z uniform 100 300



Table 7.4-2 TSPA-1995 Sorption-Coefficient Distributions (Kd in ml/g )

ELEMENT ROCK DIST E[x] COV1  MIN MAX COMMENTS 
TYPE I 

_ Pa D uniform 0 100 

V uniform 0 100 

Z uniform 0 100 

Se D exp 3 0 30 

V exp 3 0 20 

Z exp 2 0 15 

C1, I, Tc, C' 0 0

Coefficient of variation: COV= a[x]/E[x] 
D = Devitrified tuff 
V = Vitric tuff 
Z = Zeolitic tuff
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Table 7.4-3 TSPA-1995 Sorption Coefficient Distributions (Kd in ml/g ) for Saturated-Zone units (Meijer, 1995) 

ELEMENT ROCK DIST E[x] COV, MIN MAX COMMENTS 
TYPE 

Am D2 uniform 100 2000 Same for Ac, Cm, Nb, Sm, Th, and Zr 

V3  beta 400 0.20 100 1000 

Z4 uniform 100 1000 

Pu D beta 100 0.15 50 300 

V beta 100 0.15 50 300 

Z beta 100 0.15 30 300 

U D beta 2.0 0.30 0 5.0 

V beta 1.0 0.30 0 4.0 

Z beta 7.0 0.30 5 20.0 

Np D beta 3.0 0.3 0 10.0 

V exp 1.5 - 0 15.0 

Z beta 4.0 0.25 0 12.0 

Ra D uniforin 100 500 

V uniform 100 500 

Z uniform 1000 5000
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Table 7.4-3 TSPA-1995 Sorption Coefficient Distributions (Kd in ml/g ) for Saturated-Zone units (Meijer, 1995) (Continued) 

ELEMENT ROCK DIST E[x] COVy MIN MAX COMMENTS 
TYPE 

Cs D uniform 20 1000 

V uniform 10 100 

Z uniform 500 5000 

Sr D uniform 10 200 

V uniform 20 50 

Z Log uniform 2000 50000 

Ni D beta 100 0.33 0 500 Same for Pd 

V beta 100 0.33 0 200 

Z beta 100 0.33 0 500 

Pb D uniform 100 500 

V uniform 100 500 

Z uniform 100 500 

Sn D uniform 20 200 

V uniform 20 200 

Z uniform 100 300
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Table 7.4-3 TSPA-1995 Sorption Coefficient Distributions (Kd in ml/g ) for Saturated-Zone units (Meijer, 1995) (Continued) 

ELEMENT ROCK DIST E[x] COVy MIN MAX COMMENTS 
TYPE _ 

Pa D uniform 0 100 

V uniform 0 100 

Z uniform 0 100 

Se D exp 3 0 30 

V exp 3 0 20 

Z exp 2 0 15 

Cl, I, Tc, C 0 0 

Coefficient of variation: COV=a[x]/E[x] 

2 D = Devitrified tuff 
3 V = Vitric tuff 
4 Z = Zeolitic tuff
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Table 7.6-1. Dose Conversion Factors and Specific Activities

Isotope TSPA 1995 TSPA 1993 Specific Activity 
Dose Conversion Dose Conversion (Ci/g) 

Factor Factor 
(rem/yr)/(g/m3) (rem/yr)/(g/m3) 

2 2 7Ac 7.34E8 2.28E9 7.23E-1 

241Am 9.00E6 2.81 E7 3.44E0 
242mrAm 2.46E7 7.67E7 9.73E0 

243Am 5.21E5 1.63E6 2.00E-1 

14c 6.57E3 1.72E6 4.46E0 
36C1 7.19E1 - 3.30E-2 

24Cm 1.17E8 3.65E8 8.09E1 
245Cm 4.63E5 1.44E6 1.72E- 1 
24Cm 8.21E5 2.57E6 3.08E-1 
135Cs 5.85E6 1.23E3 1.15E-3 

1291 3.52E1 2.05E2 1.77E-4 

93mNb 1.07E5 2.83E2 

94Nb 9.65E2 2.42E5 1.88E-1 

"59Ni 1.14El - 7.58E-2 
63Ni 2.57E4 - 6.18E1 

237_Np 2.25E3 1.31E5 7.06E-4 

231pa 3.59E5 1.12E6 4.72E-2 

21°pb 2.95E8 2.17E9 7.64E1 

10Ipd 5.54E-2 - 5.15E-4 
238pu 3.03E6 3.10E6 1.71E1 

239pu 1.58E5 1.24E4 6.22E-2 

24°pu 5.80E5 4.56E4 2.28E-1 

241pu 5.08E6 3.96E5 1.03E2 

22pu 9.22E3 7.25E2 3.82E-3
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Table 7.6-1. Dose Conversion Factors (Continued)

Isotope TSPA 1995 TSPA 1993 Specific Activity 
Dose Conversion Dose Conversion (Ci/g) 

Factor Factor 
(rem/yr)/(g/m3) (rem/yr)/(g/m3) 

226Ra 9.43E5 8.79E6 9.90E-1 
228Ra 2.82E8 2.73E2 
79Se 4.37E2 1.1 0E5 6.98E-2 

"151Sm 7.34E3 - 2.63E1 

1265n 3.99E2 6.08E4 2.84E-2 

99Tc 1.79E1 7.72E2 1.70E-2 

229Th 5.411E5 4.38E5 2.13E-1 
23 OTh 7.99E3 6.00E3 2.02E-2 

232Th 2.16E-1 1.62E-1 1.10E-7 

233u 2.02E3 1.36E3 9.69E-3 

234u 1.27E3 4.56E2 6.26E-3 

235U 4.14E- 1 1.48E- 1 2.166E-6 

236u 1.25E1 4.48E0 6.48E-5 

238u 6.18E-2 3.63E-2 3.37E-7 

93Zr 3.001E0 2.5 1E-3 

Source: EPA, 1988 (Ingestion only).  
Assumed: Receptor drinks 2 I/day of water.  
- = No dose conversion factor for TSPA 1993
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Figure 7.2-3 Schematic of proposed abstraction methodology for determining velocity and 
fraction of fracture flow as a function of infiltration flux, qjf.
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LBL/USGS Site Scale Model, 2D Cross Section

170825 171650 

East-West Coordinate (m)

1479 

1292 

0 

> 1105 

918 

730

K 
K

173300

Figure 7.2-4 LBLIUSGS Site Scale Model, 2-dimensional cross section.

oe+o 0.0

I I I I

0.2 0.4 0.6 0.8 

INFILTRATION (mm/yr)

1.0 1.2

Figure 7.2-5 Comparison of single-point arrival times for TOUGH2 and RIP.
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Yucca Mountain (from Wittwer et al., 1995).
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Figure 7.2-7 Range of matrix hydrologic property values sampled randomly from parameter distributions presented in Schenker 
et al., (1995).
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Figure 7.2-8 Ranges of pore velocity and fractional fracture flow for TSw.
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Figure 7.2-9 Ranges of pore velocity and fractional fracture flow for TSv.
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Figure 7.2-10 Ranges of pore velocity and fractional fracture flow for CHnv.
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Figure 7.2-12 Liquid saturation distributions along Column 153 of the LBLIUSGS site-scale 
model, for (A) matrix, and (B) fracture.  

7-53

I I I I 

0.4 0.6 0.8 1 
liquid saturation in matrix

B)



m=1.0

A)

1300 

1200 

1100

1000

900

800

infil.=0.01 mm/yr infil.=0.5mm/yr infil.=l.0mm/yr 
2D iD 2D ID 2D ID -e -- --s-- . ... o.. .- n- .....- *- A-......A.-

0 0.2 0.4 0.6 0.8 1 
fraction of liquid flow rate in fracture

m=1.0 infil.=0.01 mm/yr infil.=0.5mm/yr infil.=1 .0mmr/yr 
2D 1D 2D 1D 2D 1D

0 1 2 3 
liquid velocity in matrix (i.e-i0 m/sec)

Figure 7.2-13 Liquid flow distribution along Column 153 of the LBLUUSGS site-scale model, 
showing (A) fracture of liquid flow rate in fracture, and (B) pore velocity in 
matrix.
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Figure 7.2-14 Comparison of matrix pore velocities for columns 153 and 157 with infiltration 
of: (i) 0.01 mm/yr and (ii) 1.0 mm/yr.
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Figure 7.3-1 CDF for K., (in the TSw) when qj.f is 2 mm/yr.
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Figure 7.3-5 Average dripping flux (Darcy velocity), qdfp, on waste packages for low 
unsaturated-zone infiltration rates.
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Figure 7.3-6 Average dripping flux (Darcy velocity), qdip, on waste packages for high 
unsaturated-zone infiltration rates.
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Figure 7.3-8 Average fraction of waste packages with drips, fwp, for high unsaturated-zone 
infiltration rates.
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Figure 7.3-9 100,000-yr expected-value releases for 239pu from all waste packages, for 
various values of the dripping flow rate, QdP.
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Figure 7.3-10 100,000-yr expected-value releases for 9Tc from all waste packages, for 
various values of the dripping flow rate, Qd1,p.
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Figure 7.4-2 Schematic of fracture/matrix interaction in RIP: Markovian-particle
transitioning process to represent intra-unit fracture connectivity.  
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8. .WASTE PACKAGE/ENGINEERED BARRIER SYSTEM RESULTS 

Jerry A. McNeish, Joon H. Lee, Joel E. Atkins, Vinod Vallikat 

8.1 INTRODUCTION 

Analyses were conducted to evaluate the potential releases from the waste 
package(WP)/engineered barrier system (EBS). RIP (Golder, 1993), a total system performance 
assessment code, was used to conduct the performance analyses presented in this chapter. Due 
to the varying degrees of uncertainties in many of the features of the subsystem components, a 
sensitivity analysis of the multiple conceptual models was conducted. For example, 
implementation of the waste package degradation modeling discussed in Chapter 5 led to an 
evaluation of the impacts of different conceptual models for the initiation of the carbon steel 
outer barrier corrosion and the cathodic protection of the corrosion resistant (Alloy 825) inner 
barrier by the outer barrier. This chapter documents and analyzes the sensitivity of the EBS 
release to the alternate conceptual models. Additional results are also presented to show the 
effects of using alternate values for various other parameters in the waste package environment.  
Sensitivity of EBS release to cladding performance and waste form surface area changes were 
also performed.  

As indicated in Figure 8.1-1, the EBS release results are predicated on the abstraction of process 
model results and laboratory-derived properties, and utilize a range of possible repository and in
drift material design options. The NRC release rate requirements are presented for comparison, 
though a strict compliance evaluation is not conducted. These EBS release results are directly 
used as input to the geosphere transport analyses which evaluate the cumulative release and peak 
dose at the accessible environment boundary (see Chapter 9).  

The chapter presents 1) the major assumptions and key parameter values (Section 8.2), 2) 
sensitivity analyses of the peak release rate from the EBS as affected by variations in the 
conceptual model of the subsystem, and 3) the cumulative release from the EBS over 10,000 
years using multiple realizations for the distribution of the parameters. Note, that the cases 
considered in this chapter do not include any effects caused by climate change, because the effect 
of climate change from 0 to 10,000 years is expected to be negligible.  

8.2 MAJOR ASSUMPTIONS AND KEY PARAMETER VALUES 

This section discusses the major assumptions incorporated into the RIP simulations for the waste 
package/EBS subsystem performance analyses. The discussion also includes the key parameters 
used in the simulations.  

8.2.1 Major Assumptions in Waste Package/Engineered Barrier System Performance 
Analyses 

The major assumptions for the waste package/EBS subsystem incorporated in the performance 
analyses conducted for TSPA-1995 are discussed below.
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1) In TSPA-1995, the waste disposal containers for both spent fuel and vitrified defense 
high-level waste were assumed to have a two-layer container design with a 100 mm thick 
carbon steel outer layer and a 20 mm thick Alloy 825 inner layer. This assumption was 
prompted by the lack of information on the performance of the moderately corrosion 
resistant barrier materials (Monel 400 and 70/30 Cu/Ni alloy). Details of the waste 
container design were discussed in Section 3.5.  

2) In the analyses, the entire waste form surface was assumed to be covered with a "thin" 
water film (i.e., uniform thickness of 1.0 mm) when the waste container had at least one 
pit penetration and the surface temperature was less than 100 *C. Alteration of the waste 
form is assumed to initiate after the first pit penetration. The water film thickness was 
used in the calculation of the radionuclide concentration at the waste form surface.  

3) If a waste container has at least one pit penetration and the waste package surface 
temperature cools to less than 100 °C, then the waste packages that are dripped on are 
assumed to release radionuclides both by advection and diffusion. In this EBS release 
model, the diffusion coefficient in the diffusive release model discussed in Section 6.5 
was set to 10-7 cm 2/sec. This diffusion coefficient value was obtained from the data 
developed by Conca and coworkers (Conca, 1990; Conca and Wright, 1992). In the 
absence of water drips, a diffusive release was assumed, and the diffusion coefficient was 
calculated using the empirical functional form described in Section 6.5.  

4) The releases of "4C, 36C1, and 1291 from the EBS were assumed to be gaseous. As 
discussed in detail in Chapters 7 and 9, the gaseous elements are assumed to escape 
unimpeded from the EBS, and then be dissolved and transported into the geosphere in the 
aqueous phase. However, there is some uncertainty in the dominant release behavior of 
1291 from the waste package and EBS. Because of the abundance of Cs (about 10 to 1 in 
the molar ratio), it has been suggested that all the iodine released from the spent fuel U0 2 
matrix and grains would form CsI salt which is believed to be the most 
thermodynamically stable form and is readily soluble in water (Van Konynenburg, 1995; 
Malinauskas, 1995). This argument supports the contention that aqueous, not gaseous 
release is the dominant EBS release mechanism for 1291 . It has also been pointed out 
that, in some conditions, iodine can escape from the aqueous solution into the air (Gray, 
1995b). While the nominal EBS case assumed gaseous release, the 1291 release mode is 
uncertain and a sensitivity study of the 1291 release rate to its release mode from the EBS 
was conducted. The results are discussed in Section 8.3.  

5) In all TSPA-1995 simulations, an invert composed of gravel was assumed to underlie the 
waste packages.  

8.2.2 Key Parameter Values 

The key parameter values used in the RIP simulations of the EBS release rate are presented in 
Tables 8.2-1 to 8.2-5 along with the TSPA-1993 (Andrews, et al., 1994) parameter values for 
comparison. The waste package parameters used for the RIP implementation are given in Table 
8.2-1. Generally, the parameters used in TSPA-1995 are similar to those in TSPA-1993 
(Andrews, et al., 1994). The waste bumup values are slightly lower in TSPA-1995
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(36,666 megawatt days/metric ton heavy metal (MWd/MTHM) combined) than for TSPA-1993 
(39,075 MWd/MTHM combined) (Andrews, et al., 1994). The TSPA-1995 inventory is 
compared with the TSPA-1993 (Andrews, et al., 1994) inventory in Table 8.2-2. The gap 
fraction inventory used in TSPA-1995 is the same as in TSPA-1993 (Andrews, et al., 1994) 
(Table 8.2-3).  

The summary of the exposure parameters used in the RIP implementation for TSPA-1995 are 
presented in Table 8.2-4 and compared with those in TSPA-1993 (Andrews, et al., 1994). The 
nominal surface area for the spent fuel used in TSPA-1995 is about 5 times larger than the value 
used in TSPA-1993 (Andrews, et al., 1994). Discussions of the spent fuel surface area are given 
in Section 6.2. Comparison of the transport parameter values used in TSPA-1993 (Andrews, et 
al., 1994) and TSPA-1995 are summarized in Table 8.2-5. In both TSPA-1993 and TSPA-1995, 
the diffusion coefficient in unsaturated geologic media was derived from the data developed by 
Conca (Engel, 1995) for a wide variety of geologic materials with varying degrees of water 
saturation. Details of the data and diffusion coefficient model were discussed in Section 6.5.  
The repository infiltration rate used in TSPA-1995 was selected from two distributions: 1) 0.01
0.05 mm/yr (uniformly distributed); and 2) 0.5-2.0 mm/yr (uniformly distributed). The geometric 
factor for diffusion in TSPA-1995 was embedded in the diffusive release model discussed in 
Section 6.5.  

8.3 EBS PEAK RELEASE RATE 

8.3.1 Introduction 

Currently, a potential repository for the permanent disposal of the nation's high-level radioactive 
wastes including spent nuclear fuel (SF) and vitrified defense high-level waste (DHLW) is subject 
to the post-closure subsystem regulatory requirements of the U.S. Nuclear Regulatory 
Commission (NRC). The NRC sub-system performance measures that are relevant to the 
evaluation of the engineered barrier system (EBS) of the Yucca Mountain site are specified in 
10 CFR Part 60. These include the substantially complete containment requirement (10 CFR 
60.113(a)(1)(ii)(A)) and the EBS controlled release rate requirement (10 CFR 60.113(a)(1)(ii)(B)).  
Waste package performance analyses relevant to the substantially complete containment 
requirement were presented in Chapter 5. To facilitate discussions in the following section of 
the analyses of the EBS release rates, the NRC regulatory requirements for the EBS controlled 
release rate are restated below: 

The release rate of any radionuclide from the engineered barrier system following 
the containment period shall not exceed one part in 10,000 per year of the 
inventory of that radionuclide calculated to be present at 1,000 years following 
permanent closure, or such other fraction of the inventory as may be approved by 
the Commission: provided, that this requirement does not apply to any 
radionuclide which is released at a rate less than 0.1 % of the calculated total 
release rate limit. The calculated total release rate limit shall be taken to be one 
part in 100,000 per year of the inventory of radioactive waste, originally emplaced 
in the underground facility, that remains after 1,000 years of radioactive decay.  
[10 CFR 60 (a)(1)(ii)(B)]
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Calculated NRC release rate limits of each radionuclide for the spent fuel are tabulated in Table 
8.3-1. The 1,000-year inventory of the spent fuel in the table was determined using the 
ORIGEN2 code (Croff, 1983) based on the fuel characteristics discussed in Section 3.7. Taking 
the 1,000-year inventory of a radionuclide and multiplying by 10-5 yields the NRC maximum 
EBS release rate limit for that radionuclide. Any radionuclide with a calculated maximum release 
rate of less than 0.1 % of the total release rate limit of 1.24 x 103 Ci/yr (i.e. 1.24 Ci/yr) need not 
be considered.  

A sensitivity analysis was conducted using a suite of different conceptual models relevant to 
waste package and EBS parameters and designs to evaluate the corresponding EBS release rates.  
The analysis included the effect of: 1) different corrosion initiation threshholds for the waste 
disposal container; 2) alternative thermal loading; 3) repository level percolation rate; 4) cathodic 
protection of the inner barrier (Alloy 825) by the carbon steel outer barrier; 5) EBS release 
models; 6) cladding failure; 7) 1291 release mode; and 8) alternative thermal-hydrologic models.  
The EBS release rates for the cases listed above were simulated with the "expected" values of 
the input parameters, i.e. the simulations were for a single realization.  

Table 8.3-2 summarizes the nominal cases studied in the EBS release sensivity analyses for 
TSPA-1995. Presented in Table 8.3-3 is the summary of the major cases in terms of the time 
for the first pit penetration and the number of waste packages with their first pit penetration 
which were obtained from waste package performance analyses discussed in Chapter 5. The table 
shows that the case for 83 MTU/acre, with no backfill, high infiltration rate and using the RH 
switch for corrosion initiation of the carbon steel outer barrier (labelled as "83/N/H") is most 
conservative (i.e., has earliest first pit penetration and most waste packages with at least one pit 
penetration) among those listed in the table. In the following sections, results of the sensitivity 
analyses for the EBS peak release rates are presented.  

8.3.2 Selection of Radionuclides of Concern 

As discussed in the previous section, those radionuclides with the calculated maximum release 
rate greater than 0.1 % of the total NRC release limit need to be considered. Radionuclides with 
a calculated maximum release rate smaller than the NRC limit for the radionuclide are excluded.  
To select radionuclides to be considered in this study, the EBS release rates of all 39 
radionuclides in the TSPA 1995 inventory were calculated for a period of 10,000 years for the 
most conservative case with the largest release rates, which is also the case with the highest 
waste package degradation (83 MTU/acre, no backfill, high infiltration rate, and RH switch for 
corrosion initiation of the outer barrier (see Section 5.7.6 and Table 8.3-3)). For the 
radionuclides which did not have any release in 10,000 years, the calculations were conducted 
for up to 100,000 years. The results are presented in Table 8.3-4. As shown in column 3 of the 
table, the radionuclides which have a maximum release rate exceeding 0.1 % of the NRC total 
release rate limit (i.e., 1.24 Ci/yr) are 241Am, 243Am, 14C, 135 Cs, 59Ni, 237Np, 21°Pb, 1°7Pd, 226Ra, 79 Se, 
and 99Tc. Among them, the maximum release rates of 24 1Am and 243Am are less than the NRC 
limit (column 2), thus they were excluded from further analyses. These radionuclides were also 
not included in the recent EBS release sensitivity study (M&O, 1994a).  

The radionuclides considered for further analysis are given in Table 8.3-5. As shown in Table 
8.3-5, the maximum release rates of the radionuclides in TSPA-1995 are 3 to 6 times higher than
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those in the.additional sensitivity study to TSPA-1993 (M&O, 1994a) that is due mainly to the 
release by advective transport incorporated in this year's iteration. Assuming no areal infiltration, 
TSPA-1993 (Andrews, et al., 1994) and the additional EBS release sensitivity study (M&O, 
1994a) found that diffusive transport through the gravel backfill from "failed" waste packages 
dominated the advective transport component. Although the dominant transport modes 
considered are different in TSPA-1995 due to the presence of areal infiltration, the radionuclides 
to be included in TSPA-1995 are the same as those considered in TSPA-1993 (Andrews, et al., 
1994) and the additional EBS study (M&O, 1994a), except 107TPd. The higher release rate of "l°Pd 
in TSPA-1995 may be the result of a high water dripping rate assumed in the high infiltration 
rate case, and may need further consideration to be included in future sensitivity studies, but is 
not evaluated further at this time. Additionally, the times for the maximum release rate for the 
radionuclides with a substantial gap fraction (14C, 135Cs, 79Se and 9Tc) and high solubility in 
water (also the gap fraction radionuclides and 59Ni) are close to those for the same nuclides in 
the TSPA-1993 additional sensitivity study (M&O, 1994a). The time for the maximum release 
rate of 237Np (16,600 years) is much later than the previous study (7,000 years), and the release 
rates of 210Pb and 226Ra which are the principal daughters of the uranium decay chain still 
increase at 100,000 years, whereas in the previous study, they had maximum release rates at 
60,000 and 20,000 years respectively.  

In the following sections, a short-hand notation is employed to designate the cases to be 
simulated and help to facilitate the discussions of the results and their analyses. For example, 
in the notation of "83/no/loq/RH", the first group ("83") designates the thermal load, i.e., 
83 MTU/acre, and the second group designates the backfill presence, i.e., "no" indicates the no 
backfill case and "yes" indicates the with backfill case. The third group ("loq") designates the 
infiltration rate used in the analysis, either from the low infiltration range ("loq") or from the high 
infiltration range ("hiq"). The fourth group ("RH") indicates the criteria used for corrosion 
initiation of the carbon steel outer barrier, either relative humidity only criteria ("RH") or relative 
humidity and temperature criteria ("RH&T").  

8.3.3 Effects of Alternative Waste Container Corrosion Initiation Conceptual Models 

As discussed in Chapter 5, there is uncertainty in the initiation threshold for the corrosion of the 
carbon steel outer barrier on the waste packages in the potential repository. The outer barrier 
corrosion may initiate if relative humidity is above a threshhold level, or if both relative humidity 
and temperature reach threshhold levels. The relative humidity level at which corrosion occurs 
is also uncertain. The impacts of the different switches (RH only or RH and temperature) for 
the initiation of the carbon steel outer barrier corrosion on the waste container corrosion 
degradation were discussed in Sections 5.7.5 and 5.7.6. Another major uncertainty associated 
with the waste package performance is the extent of cathodic protection of the corrosion resistant 
(Alloy 825) inner barrier by the carbon steel outer barrier. Using the measure for the cathodic 
protection provided from expert elicitation, the impacts on the waste container performance were 
also addressed in Section 5.7.8.  

In this section, the sensitivities of the EBS release rates to the alternative waste container 
corrosion initiation conceptual models are presented for each radionuclide discussed in the 
previous section. The first sensitivity case evaluates the impact of the model for initiation of the 
outer barrier corrosion. The analysis assumes either 1) the outer barrier initiates corrosion only
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after both the temperature has dropped below 100 'C and the relative humidity has reached a 
threshhold level between 65 and 75 percent (RH&T) or 2) the outer barrier initiates corrosion as 
soon as relative humidity reaches the threshhold level regardless of the temperature at that time 
(RH only). The results for the release rate histories of the eight radionuclides (14C, 99Tc, 79Se, 
135Cs, 59Ni, 237Np, 210Pb, and 226Ra), are presented respectively in Figures 8.3-1a to 8.3-1h for the 
case of 83 MTU/acre thermal load without backfill and with the high or low infiltration rates.  
The NRC limit for each radionuclide is also indicated in the figure caption. As shown in the 
figures, using RH and T as the criteria for corrosion initiation simply delays the initial releases 
about 400 years and does not significantly affect the release behavior of the radionuclides. A 
fraction of the "4C is present in the gap, and the release of '4C from the EBS is assumed to be 
gaseous. In Figure 8.3-1 a, the initial spikes are due to the gap fraction release. The other release 
spikes in Figure 8.3-la are indicative of when waste package groups fail. The release rates are 
not significantly affected by the corrosion initiation assumptions or the infiltration rates.  
However, the infiltration rate is the major parameter affecting the release rates of other 
radionuclides.  

The results for the sensitivity of the EBS release rates to the cathodic protection of the corrosion 
resistant inner barrier by the carbon steel outer barrier are shown in Figures 8.3-2a to 8.3-2h for 
the eight radionuclides for the case of 83 MTU/acre thermal loading without backfill and with 
a high infiltration rate. The cathodic protection was implemented for the case with both RH and 
T criteria for the outer barrier corrosion initiation. As discussed in Chapter 5, the cathodic 
protection model assumed that 75 percent of the initial outer barrier thickness had to be degraded 
before the inner barrier pitting could begin. Because most of the waste packages for the cathodic 
protection case did not have pit penetrations until after 10,000 years (see Section 5.7.8), the 
release rate calculations were extended to 100,000 years. For the case evaluated, the cathodic 
protection significantly delayed the initiation of EBS release beyond 10,000 years, to a starting 
time of approximately 15,000 years. However, all the radionuclides, except 14C, exceed their 
NRC limit at this time. For 14C, although it is released as a gas from the EBS, the release rate 
is lower than the NRC limit. This is due to its (relatively) short half-life (5,730 years) and the 
lower near-field temperature at that time which produces lower waste form alteration rates.  

8.3.4 Effects of Alternative Thermal Loading and Repository Level Percolation Rate 

The sensitivity of the EBS release rate to thermal load was evaluated by comparing the results 
from the 25 MTU/acre cases with the corresponding 83 MTU/acre cases. The details of the 
alternative thermal loading cases are described in Chapter 4. The results are presented in Figures 
8.3-3a to 8.3-3h. The figures also present the effects from using different infiltration rates.  

In general, the releases for the 83 MTU/acre cases begin earlier than those from the 
corresponding 25 MTU/acre cases regardless of the infiltration rates. This is as expected based 
on the waste package degradation histories for the cases discussed in Section 5.7.7. The release 
rates for the 83 MTU/acre cases are also generally higher than the corresponding 25 MTU/acre 
cases. The higher release rate is primarily due to the higher near-field temperature conditions 
in the 83 MTU/acre cases which leads to greater waste form alteration rates. Again, except for 
'4C, the infiltration rate has a more significant impact on the release rate than does thermal load.  
In the case of 14C, because of its relatively short half-life, the time for the waste package 
degradation is also a major parameter affecting its EBS release rate. All the radionuclides, except
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237Np, exceed their NRC limit in the high infiltration rate case regardless of the thermal loading.  
In the 25 MTU/acre case with the high infiltration rate, the release rate of 237Np which is a 
solubility limited species is below the NRC limit.  

8.3.5 Alternative EBS Release Conceptual Models: Effects of Backfill and Capillary 
Barrier 

This section combines an evaluation of the sensitivity of the EBS release rate to the presence of 
a backfill and the sensitivity of the EBS release rate to the EBS release conceptual models. The 
effects of a backfill were considered by comparing the alternative no-backfill and backfill cases: 
1) the no-backfill case assumes an air-filled drift and a gravel invert underneath the waste 
package; and 2) the backfill case assumes gravel is placed around the waste package.  

Three EBS release conceptual models were considered: 1) advection-dominant transport from a 
"failed" waste package under dripping fractures; 2) advective transport controlled by diffusion 
through a "failed" waste package under dripping fractures; and 3) diffusion dominant transport 
from a "failed" waste package in the presence of a capillary barrier. A brief description of each 
EBS release conceptual model is given below (see also Section 6.5).  

As discussed in Section 8.2, when a waste container has at least one pit penetration, and the 
surface temperature is below 100 °C, the entire surface of the waste form inside the "failed" 
waste package is assumed to be covered with a "thin" film of water, followed by alteration of 
the waste form, and mobilization of the radionuclides contained in the waste form. In addition, 
the number of waste packages under dripping fractures are estimated as a function of the 
distribution of the percolation flux and the saturated matrix conductivity of the near-field rock 
surrounding the repository drifts (discussed in Section 7.3).  

In the first EBS release conceptual model, if a "failed" waste package is predicted to be under 
dripping fractures, the entire waste form is conservatively assumed to be exposed to the 
(dripping) advective flux, and the radionuclides are released by advection. The diffusive release 
from the "failed" waste package under dripping fractures is also calculated with the model (and 
the diffusion coefficient set to 10- cm2/sec) presented in Section 6.5. In this case, the total 
release from the "failed" waste package is the sum of advective and diffusive release, and the 
advective release component is always dominant. For a "failed" waste package that is not 
subjected to dripping water, the radionuclides are assumed to be released by diffusion only, and 
the diffusion coefficient is determined as a function of the liquid saturation level of the gravel 
invert underneath the waste package.  

The second EBS release conceptual model considers an alternative approach to advective release 
from a "failed" waste package under dripping fractures and takes into account the performance 
of the "failed" waste container as a potentially important barrier to radionuclide release. Because 
the pits (or holes) of the "failed" waste container are filled with fine, "gel"-like corrosion 
products, it is assumed the pits filled with corrosion products prevent the dripping water from 
flowing directly into the waste package and contacting the waste form inside. Instead, the 
dripping water is diverted around the waste container. Thus, in this conceptual model, 
radionuclides are transported through the corrosion product-filled holes by diffusion, and once 
outside the waste container, they are released by advection. This alternative model incorporates
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more realism into EBS release because it assumes any advective release from a waste container 
failed by pitting corrosion depends on the number of pit penetrations at that time. As in the first 
EBS release conceptual model, for a "failed" waste package that is not subjected to dripping 
fractures, radionuclides are released by diffusion only, and the diffusion coefficient is calculated 
from the liquid saturation level of the gravel invert.  

The third EBS release conceptual model is similar to the presence of a Richard's (or capillary) 
barrier wherein, if it performs with 100 % efficiency in diverting any dripping water away from 
the waste package, no advective flow or dripping are allowed to occur through the waste 
packages. In this case, the dominant radionuclide release mechanism is diffusion which is 
strongly dependent upon the liquid saturation level in the gravel invert.  

The effects of backfill for the eight radionuclides were calculated using the 83 MTU/acre 
thermal load case, with the high or low infiltration rate, and using the RH switch for the 
corrosion initiation of the carbon steel outer barrier. The results are shown in Figures 8.3-4a to 
8.3-4h, in which the effects of backfill are compared for the cases with and without backfill. For 
all eight radionuclides, there is not a significant difference in the EBS release rates. This is 
consistent with the results for the waste package degradation discussed in Chapter 5, in which 
no significant difference was observed in the presence or absence of backfill.  

The results using the alternative advective release model (EBS release conceptual model 2) are 
presented in Figures 8.3-5a to 8.3-5h. The results shown in the figures are for the cases of the 
83 MTU/acre thermal loading, with no backfill, with the low or high infiltration rate, and using 
the RH switch or the RH and temperature switch for the initiation of the carbon steel outer 
barrier corrosion. The case for the 83 MTU/acre thermal loading, with no backfill, with the high 
infiltration rate, and using the RH switch for the corrosion initiation yielded the highest EBS peak 
release rates for all eight radionuclides. These results can be compared with Figures 8.34a to 
8.3-4h to evaluate the sensitivity of EBS release rate to the two different EBS release models.  

When calculated with the conservative advective release model (EBS release conceptual model 
1), the case labelled as "83/no/hiq/RH" as shown in Figures 8.3-4a to 8.3-4h in the figures yielded 
the most conservative release rates from the EBS for all eight radionuclides. For the same case 
(83/no/hiq/RH) but with the alternative advective release model (Figures 8.3-5a to 8.3-5h), the 
release rates of all the radionuclides, except for 4̀C which is released in gas and 2̀ 0Pb which is 
the principal decay daughter of uranium, are below (I 35Cs, 59Ni and 237Np) or slightly above (99Tc 
and 79Se) their NRC limit. The shapes of the release rate curves mimic the pitting time histories 
(see Section 5.7).  

Sensitivity of the EBS peak release rate to the presence of the capillary barrier is presented in 
Figures 8.3-6a to 8.3-6h. The calculations were made for the case of the 83 MTU/acre thermal 
loading, with the high infiltration rate, with backfill, and using the RH for the initiation of the 
outer barrier corrosion. The results for the no backfill cases with the 83 MTU/acre and 
25 MTU/acre thermal loading are also presented for comparison.  

As expected, the release of 14C is not affected by the presence of the capillary barrier. In general, 
the release rates of all the radionuclides (except '4C) are about 5 to 7 orders of magnitude lower 
in the presence of the capillary barrier compared to the release rates for the corresponding cases
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without a capillary barrier as shown in Figures 8.3-3a to 8.3-3h and 8.3-4a to 8.3-4h. Unlike the 
other sensitivity results discussed, the releases from the lower thermal load case for all the 
radionuclides (except 14C) begin about 5,000 years earlier than for the higher thermal loading case, 
but the release rates are still lower than the higher thermal loading. The results are in contrast 
to the waste package degradation histories for the corresponding thermal loading cases, in which 
the waste package degradation for the high thermal load case was more severe and started earlier 
than for the low thermal load case. This difference in the release rate result is caused by the 
higher saturation of the gravel invert underneath the waste package in the lower thermal load case, 
which gives higher values for the diffusion coefficient in the invert and thus higher diffusive 
releases. The breakthrough curves for the release rates in the higher thermal load case are very 
sharp, and the release rates are higher than for the lower thermal load case. This is probably due 
mostly to a buildup of the radionuclides inside the waste package as the waste form alters at a 
greater rate because of the higher near-field temperature in the high thermal load case, providing 
for a high concentration gradient across the gravel invert.  

8.3.6 Effects of Cladding Failure 

The sensitivity of the EBS release rate to the spent fuel cladding failure was evaluated by varying 
the fraction of the waste form available for release. This was a simplified approach to simulate 
cladding failure and was implemented in RIP by only allowing failure of the cladding for a 
selected percentage of the waste packages. Simulations were conducted with 1, 10, and 100 % 
availability of the spent fuel waste form. Another set of simulations were performed with the 
same percentages of the spent fuel waste form availability, but with the surface area of the spent 
fuel within the failed cladding increased by a factor of 100. The multiplication factor used reflects 
the volume increases of the oxidized spent fuel in the failed cladding and was conservatively 
estimated from a recent report by Gray and Wilson (1995) and information provided by Gray 
(1995a). A detailed discussion of the spent fuel surface area is given Section 6.2.  

The EBS release results for the cases with the different cladding failure fraction, but without the 
surface area increase are given in Figures 8.3-7a to 8.3-7h. The calculations are for the case of 
the 83 MTU/acre thermal loading, with no backfill, with the high infiltration rate, and using the 
RH switch for the initiation of the outer barrier corrosion. All the radionuclides including "4C 
showed the decreased release rates with the reduction in the cladding failure from 100% to 1%, 
i.e. the reduction of the fraction of spent fuel available for release. This was expected because 
the decrease in the cladding failure was achieved in the simulations by reducing the inventory 
available for release. However, all the radionuclides, except 59Ni and 237Np, exceed their NRC 
limit even with only 1 percent cladding failure, using the conservative advective release model 
(EBS release conceptual model 1).  

Additional sensitivity analyses assumed that all the spent fuel inside the failed cladding (1% and 
10% failure) is oxidized completely to U308 , causing an increase in the surface area by a factor 
of 100. Comparison of the results to the 100% cladding failure without the surface area increase 
is given in Figures 8.3-8a to 8.3-8h. The simulations were run for the case of the 83 MTU/acre 
thermal loading, with no backfill, with the high infiltration rate, and using the RH switch for the 
initiation of the outer barrier corrosion. The surface area increase was expected to lead to an 
increase in the peak release rates for the radionuclides. However, as shown in the figures, the 
effect was not significant. The fact that the radionuclides considered (except 59Ni, 237Np and 2lGPb)
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are highly soluble and have a significant gap fraction inventory may have lessened the effects.  
For 237Nji the release rates are the same for all three cases.  

8.3.7 Effects of Alternative Thermal-Hydrologic Model 

The effect of the alternative thermal-hydrologic model (LLNL model) (Buscheck, 1995; Buscheck, Nitao and Ramspott, 1995), on the release rate from the EBS was evaluated by comparing the results from a corresponding, but not identical, case. Details of the alternate thermal-hydrologic model were given in Section 4.2. As discussed in Section 5.7.10, with the temperature and humidity profiles calculated with the alternate thermal-hydrologic model, the waste package simulation results showed that there was insignificant waste package degradation for the LLNL model cases with the 80 MTU/acre case with or without backfill and the 24 MTU/acre case with backfill. Only the 24 MTU/acre case with no backfill and no infiltration had significant waste package degradation. Thus, the sensitivity analyses for the alternate thermal-hydrologic model were only conducted for the LLNL model case of the 24 MTU/acre thermal loading, with no backfill, and with no infiltration, and a roughly equivalent case, i.e. the case with 25 MTU/acre thermal loading, no backfill, and the presence of a capillary barrier effect. The comparisons are made in Figures 8.3-9a to 8.3-9h. The results for the alternate thermal-hydrologic model (LLNL model) are indicated in the figures with the designation "LLNL-24/no/no/cap. barrier." 

Except for "4C, diffusion in the aqueous phase is the dominant release mechanism for the radionuclides for these two cases. As shown in the figures, the release rates of all the radionuclides are two orders of magnitude higher in the current thermal-hydrologic model than in the LLNL model results. The predictions for the temperature and the liquid saturation level in the gravel invert by the alternate LLNL model are lower than the current model, which leads 
to lower diffusive flux.  

8.3.8 Sensitivity of 1291 Release Rate to Its Release Mode 

Although the peak release rate (0.96 Ci/yr) of 1291 from the EBS (given in Table 8.3-4) is less than the total NRC release limit (1.24 Ci/yr) in Table 8.3-1, its release mode (gaseous or aqueous) from the EBS has a significant impact on the release rate at the accessible environment, which is discussed in detail in Chapter 9. In addition, as discussed in Section 8.2.1, its dominant release mode is uncertain. Because of the impact to the accessible environment release rate and the uncertainty in its release mode, simulations were run for the sensitivity of the "291 release mode to its release rate from the EBS. The results shown in Figure 8.3-10 are for the case of 83 MTU/acre, with no backfill, high infiltration rate, and using the RH switch for the corrosion initiation. The initial release spikes in the figure are due to the release of the 1291 gap fraction. The other peaks in the release history occur as each waste package group fails. While, in the high infiltration rate case, the release rate of 1291 from the EBS in the aqueous phase is not much different from the gaseous release rate, the aqueous phase peak release rate in the low infiltration rate case is about two orders of magnitude lower than the gas phase release cases. The impact of 1291 release mode on the release to the accessible environment is further discussed in Chapter 9.
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8.3.9 Most Important Model Parameters

Additional analyses were conducted to identify key model parameters which have a large impact 
on important performance measures such as peak release rate from the EBS. Using Latin 
Hypercube Sampling to sample the parameter values, one hundred realizations were simulated with 
RIP for two cases. These cases were the 25 MTU/acre and 83 MTU/acre thermal loads, both with 
no backfill and high infiltration. Once the realizations were simulated, stepwise linear regression 
was used to determine which parameters could be used to explain the EBS peak release rate. In 
Tables 8.3-6 and and 8.3-7, the parameters are listed in order of importance along with the percent 
of the variability which the parameters explain up to that point.  

Since the structure of the relationship between the model parameters and the EBS peak release is 
not known, the stepwise linear regression was done on three transformations of the data. The first 
transformation was rank regression. The peak release rates were assigned integer values from 1 
through 100, corresponding to their rank among the simulations. Each of the model parameters 
was also assigned an integer value for each realization corresponding to the rank of the value of 
the parameter at that observation. The ranks of the model parameters are then used to explain the 
ranks of the peak release rate. Rank regression was used because it is a robust method which is 
useful when the underlying relationship is not understood.  

There are intuitive reasons to believe that the EBS peak release rate should be explained well by 
a multiplicative model. Thus, for both the second and the third transformation, the natural log of 
the peak EBS release rate was treated as the dependent variable. For the second transformation, 
the model parameters were used to explain the natural log of the EBS peak release rate. For the 
third transformation, the natural logs of the model parameters were used to explain the natural log 
of the EBS peak release rate. The results for all three of these transformations are shown in Tables 
8.3-6 and 8.3-7.  

For both the rank regression and log-log transformation, a small number of parameters explain most 
of the variability. This supports the idea that the log-log transformations might be appropriate.  
For both of these transformations, and for both thermal loads, 99Tc solubility, the infiltration rate, 
and the spent fuel dissolution rate are the three most important parameters. This is consistent with 
the current understanding of EBS processes. Spent fuel dissolution rate is important, because the 
spent fuel has to dissolve before it may be transported out of the EBS. 99Tc solubility in particular 
is important because 99Tc is a highly soluble, abundant radionuclide. Thus, once mobilized from 
the spent fuel waste form, it's solubility determines the amount of 99Tc available for transport. The 
two cases analyzed in this section both assumed the advection dominant EBS release model (EBS 
release conceptual model 1), thus, infiltration rate is also important for determining the EBS peak 
release rates.  

8.4 CUMULATIVE EBS RELEASE AT 10,000 YEARS 

8.4.1 Introduction 

Cumulative releases of radionuclides from the EBS provide for an additional comparison of EBS 
performance, as a supplement to the analysis of peak EBS release rates discussed in the previous 
section. In this section, cumulative releases of some of the radionuclides considered for the EBS
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release rate were calculated, and the results were normalized to the EPA release limits to the 
accessible environment (AE) specified in 40 CFR Part 191. Although the EPA normalized 
cumulative release limits are not directly applicable to the releases from the waste package and 
EBS, the normalized release calculation provides another useful approach to compare the EBS 
release behavior of radionuclides.  

The cumulative releases from the EBS at 10,000 years are presented in this section only to evaluate 
the effect of alternative thermal loading and infiltration rates on the release. Alternative waste 
package degradation conceptual models, backfill, and cladding failure have been sufficiently 
discussed in previous sections. 100 realizations were simulated for each case. The cumulative 
normalized releases are presented only for release from the EBS in this section.  

8.4.2 Effects of Alternative Thermal Load 

The complementary cumulative distribution function (CCDF) results from the 83 MTU/acre case 
without backfill and with high infiltration are presented in Figure 8.4-1 for the total release as well 
as for 14C, 1291, "Tc, 237Np, and 59Ni. The total release from the EBS is contributed primarily by 
14C and 237Np. The uniform release of two gases, 14C, and 1291, independent of the other 
uncertainty in the subsystem is demonstrated by the nearly vertical normalized release curves. The 59Ni release also shows little variability over the 100 realizations. The alteration-limited 
radionuclide, 99Tc, has approximately 3 orders of magnitude variability in the release due to 
significant variability in dissolution of the waste form, whereas the solubility-limited radionuclide, 237Np, has less variability.  

As a comparison with Figure 8.4-1, the CCDF results from the 25 MTU/acre case without backfill 
and with high infiltration are presented in Figure 8.4-2 for the total release as well as for selected 
radionuclides, 14C, 1291, 99Tc, 237Np, and 59Ni. As in the high thermal loading case, the total release 
from the EBS is contributed primarily by 14C and 237Np. However, the total releases are over a half 
of an order of magnitude lower than for the 83 MTU/acre case. The difference in the releases 
between the two thermal loading cases is attributable to the previously described differences in 
waste container degradation and waste form alteration/dissolution rates. The higher thermal load 
case has higher dissolution rates of the waste form and generally greater degradation of the waste 
container, leading to earlier and higher releases.  

8.4.3 Effects of Infiltration on EBS Release 

As an evaluation of the effect of infiltration on the cumulative release from the EBS at 10,000 
years, the two thermal load cases (83 MTU/acre and 25 MTU/acre) with no backfill were simulated 
with both the high and low infiltration rates. The CCDF results for total normalized release from 
the EBS at 10,000 years are presented in Figure 8.4-3, in which both the high and low infiltration 
cases for the 83 MTU/acre case are shown to produce greater release than the 25 MTU/acre cases.  
Also, the releases are greater from the high infiltration cases for a given thermal load than from 
the low infiltration case. These trends were observed in the waste container degradation analyses 
presented in Chapter 5, where the 83 MTU/acre case had earlier waste container failure and greater 
waste container degradation, and can be further explained by the higher dissolution rate of the 
waste form at higher temperatures in the high thermal load case.
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CCDF results for individual radionuclides (1
4
C, 99Tc, 1291, 

237Np, and 59Ni) for the same cases as in 
Figure 8.4-3, are presented in Figures 8.4-4 to 8.4-8. For the radionuclides with gaseous release 
(1 4C and 1291), the results presented in 8.4-4 and 8.4-6 are similar to the total release, but the 
variability between the high and low infiltration case for a given thermal load is not as great. "Tc 
release behavior is more variable than was the gaseous radionuclide release perhaps due to more 
variable diffusive release rate for 99Tc (Figure 8.4-5). Also, an important difference in the release 
behavior related to infiltration is observed in the results presented in Figure 8.4-5. The high 
infiltration cases (both 83 MTU/acre and 25 MTU/acre) produce the highest normalized releases 
because 99Tc release is strongly dependent on the dissolution rate of the waste form and the 
infiltration rate. The low infiltration cases have a greater variability. The release results for 237Np 
as seen in Figure 8.4-7 are similar to 99Tc, except there is a greater overall range of normalized 
releases, from approximately 10' to 5x10' at the 50th percentile probability. For the cases 
evaluated in this section, the greatest normalized releases are produced by 237Np. For the 
cumulative normalized release of 59Ni presented in Figure 8.4-8, the releases for a particular 
thermal load with high infiltration are higher and have less variability than for the low infiltration 
case. Again, both of the high infiltration cases have higher releases than the lower infiltration 
cases, showing the importance of the percolation flux through the repository.  

8.5 SUMMARY AND CONCLUSIONS FROM EBS PERFORMANCE ANALYSES 

The analyses of the waste package/EBS performance presented in Chapter 8 evaluated the release 
of radionuclides from the EBS in relation to the NRC peak release rate standard. The analyses 
considered the effects on the EBS peak release rate of alternative corrosion initiation models, two 
alternative thermal loads, two different infiltration rate ranges, backfill conditions, cladding 
performance, alternative thermal-hydrologic models, and alternative EBS release models. Eight 
radionuclides were selected for the analysis based on the maximum release rate that exceeded 0.1% 
of the NRC total release rate limit. These radionuclides, "4C, 135Cs, 59Ni, 237Np, 210Pb, 226Ra, 79Se, 
and 99Tc, were included in the evaluations which attempted to demonstrate the importance of the 
various parameters and conceptual models listed above.  

The evaluations, which were based on thermo-hydrologic modeling results presented in Chapter 
4, demonstrated the significance of the rate of percolation or dripping on the waste containers.  
Generally, the influence of infiltration was more significant than the alternate waste degradation 
conceptual models (i.e., Temperature and RH vs. RH only) in terms of causing radionuclides to 
exceed their NRC release rate limit.  

The higher thermal load cases produced higher releases than the corresponding lower thermal load 
case. This is consistent with earlier waste container failure and higher degradation in the higher 
thermal load case. In the case when a capillary barrier was assumed, the releases for the low 
thermal load case began earlier, but the peak release rate remained lower than the peak release rate 
for the high thermal load case.  

Also demonstrated in the analyses are the effects of the alternative advective release model 
controlled by diffusion through the waste container on the EBS release rate, i.e., diffusive release 
through the perforations in "failed" waste container and advective release from the outside 
contacting the dripping water. Compared to the case with the conservative advective release model 
that yielded the highest release rate (83 MTU/acre, no backfill and high infiltration), the alternative
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advective model yielded the release rates for most nuclides within their NRC limit, except for '4C 
and 210Pb. The implication is that the "partially failed" waste containers by pitting corrosion should 
still be able to perform as a potentially important barrier to radionuclide release, and EBS transport 
models that incorporate more realism should be considered in future EBS performance analyses.  

Multiple realization simulations to analyze the effects of thermal loading and infiltration produced 
similar results to the peak release rate analyses. Generally, the higher thermal load produces 
greater release, and higher infiltration produced significantly higher release than the low infiltration 
cases. The strong influence of repository percolation rate points to the high importance of the 
repository flux as it relates to the radionuclide release.
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Table 8.2-1. Comparison of TSPA-1995 Container Parameters with TSPA-1993 Container 
Parameters 

RIP Package Information TSPA-1993 1) TSPA-1995 

Number of packages Spent Fuel: 6468 Spent Fuel: 6468 
DHLW: 3829 DHLW: 3829 

Waste burnup (MWd/MTHM) 2) 42,300 - PWR 39,651 - PWR 
32,250 - BWR 31,186 - BWR 
39,075 - combined 36,666 - combined 

Mass waste/pkg = MTHM in 9.74 MTHM/pkg for 9.74 MTHM/pkg for 
repository/# of waste containers PWR/BWR PWR/BWR 

1.828 MTHM/pkg- 1.828 MTHM/pkg
DHLW DHLW

") Andrews, et a). (1994) 
2) MWd/MTHM = megawatt days/metric tons of heavy metal
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Table 8.2-2.- Comparison of Selected Radionuclide Inventory in TSPA-1995 with TSPA-1993 
Inventory 

INVENTORY TSPA-1993 1),) TSPA-1995 3) 
(Ci/container) (Cl/container) 

243Am 2.74E+02 2.48E+02 

14c 1.44E+01 1.381+01 

1
35Cs 5.52E1+00 5.13E+00 

1291 3.62E+00 3.43E-01 

237Np 4.74E+00 4.35E+00 
239pu 3.65E+00 3.56E+03 

79Se 4.67E+00 4.41E+00 

126Sn 9.01E+00 8.50E+00 

9Tc 1.47E+00 1.40E+02 
234u 1.39E+00 1.34E1+01

1) Andrews, et al. (1994) 
2) TSPA-1993 inventory is for 

MTHM/container.  
3) TSPA-1995 inventory is for 

MTHM/container.

30-year-old fuel. Ci/container = Ci/MTHM x 9.2 

30-year-o1d fuel. Ci/container = Ci/MTHM x 7.94
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Table 8.2-3.. Comparison of TSPA-1995 Gap Fraction with TSPA-1993 Gap Fraction 

INVENTORY TSPA-1993 1) TSPA-1995 
Gap Fraction Gap Fraction 

2 3Am 0.0 0.0 
14C 0.0125 -- 0.0575: 0.0125 -+0.0575: Uniform 

Uniform 

135Cs 0.02 0.02 

1291 0.02 0.02 

237Np 0.0 0.0 
239pu 0.0 0.0 

79Se 0.02 0.02 

126Sn 0.0 0.0 

99Tc 0.02 0.02 
234U 0.0 0.0 

) Andrews, et al. (1994)

8-17



Table 8.2-4. Comparison of TSPA-1995 Exposure Parameters with TSPA-1993 Exposure 
Parameters 

RIP Model Parameter TSPA-1993 RIP TSPA-1995 RIP 
Base Case 1) 1 Nominal Case 

(1) Fraction of (1) Dependent on flux, (1) Dependent on flux, 
containers temperature, saturation temperature, 
with moist (2) 1.0 saturation 
continuous (3) 8.5-46.5 m2  (2) If temperature is 
conditions (4) Conca curve <100 degrees C, 

(2) Fraction of waste fraction is 1.0.  
wetted Otherwise, it's 0.0.  

(3) ECA2X (3) 40.94 m2 

(4) Diffusion (4) Conca curve 
coefficient 

(1) Fraction of containers N/A (1) Dependent on flux, 
with dripping fractures and saturated 

(2) Fraction of waste hydraulic 
wetted conductivity 

(3) ECA (2) If temperature is 
(4) EDC <100 degrees C, 

fraction is 1.0.  
Otherwise, it's 0.0.  

(3) 40.94 m2 

(4) 3.15e-4 m2/yr 

Air alteration rate 0 0 

Matrix dissolution rate Temperature dependent Temperature dependent 
(g/rN2/yr) 
Surface area of matrix 1. Surface Area of Spent 1. Surface Area of Spent 
(m2/g) Fuel (ASF)/(1.10062E7) m2/g Fuel (ASF) /(1.10062E7) 
(combined with matrix where Spent fuel surface area m2/g where Spent fuel 
dissolution rate) = 78-107 m2 (uniform) surface area = 500 m2 

2. Surface Area of DHLW 2. Surface Area of 
(AHL)/(7.012E6) m2/g where DHLW (AHL)/(7.012E6) 
AHL = 200-600 m2  m2/g where AHL = 200

1 600 m2
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Table 8.2-4.- Comparison of TSPA-1995 Exposure Parameters with TSPA-1993 Exposure 
Parameters (Continued) 

RIP Model Parameter TSPA-1993 RIP TSPA-1995 RIP 
Base Case 1) Nominal Case 

Water volume contacting Water volume contacting Water volume contacting 
matrix (M3) matrix: ASF*DWATER" matrix: ASF*DWATER 

DWATER = 0.001 m DWATER = 0.001 m 
(thickness of water film (thickness of water film 
contacting waste form contacting waste form 
matrix) matrix)

Andrews, et al. (1994) 
ECA = effective catchment area
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Table 8.2-5.. Comparison of TSPA-1995 Transport Parameters with TSPA-1993 Transport 
Parameters 

RIP TSPA-1993 TSPA-1995 RIP 
Model Parameter RIP Nominal Case 

Base Case 1) 

Diffusion coefficient Curve fit to Conca Curve fit to Conca 
(m2/yr) data data (see Section 6.5) 

Repository infiltration VTOUGH results Selected from two 
rate (m/yr) ranges: 

0.01-0.05 mm/yr and 
0.5 -2.0 mm/yr 

Geometric factor for 28.05*N*(fs): See Section 6.5 
diffusion (m) N = porosity of 

backfill = 0.1-0.3; 
f, = 1, if liquid 
saturation > 0.08 

Delay pathway (only In-drift emplacement: Implemented in 
in moist continuous) 0.5 m crushed tuff diffusive release 

zone component of 
geometric factor for 
diffusion (see 
Section 6.5) 

" Andrews, et al. (1994)
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Table 8.3-1.- Calculation of the NRC Release Limit

1,000-Year 1,000-Year Inventory 
Inventory for 63,000 MTU NRC Limit 

Radionuclide (Ci/MTU) (Ci) (Ci/yr) 

2 27Ac 3.88E-04 2.45E+01 2.45E-04 

2 1Am 1.06E+03 6.69E+07 6.69E+02 
242MAm 2.66E-01 1.68E+04 1.68E-01 

243Am 2.33E+01 1.47E+06 1.47E+01 

14c 1.26E+00 7.96E+04 7.96E-01 
36C1 1.13E-02 7.13E+02 7.13E-03 

24Cm 6.65E-I 1 4.19E-06 4.19E- I1 
245Cm 3.19E-01 2.01E+04 2.01E-01 

246Cm 6.19E-02 3.90E+03 3.90E-02 

135Cs 5.26E-01 3.31E E+04 3.31E-01 

129I 3.52E-02 2.22E+03 2.22E-02 

93MNb 2.3 2E+00 1.46E+05 1.46E1+00 

94Nb 8.19E-01 5.16E+04 5.16E-01 
59Ni 2.40E+00 1.51E+05 1.51E+00 
63Ni 2.13E-01 1.34E+04 1.34E-01 

237Np 1.24E1+00 7.82E+04 7.82E-01 
23 1Pa 3.88E-04 2.44E+01 2.44E-04 

21°pb 3.75E-03 2.36E+02 2.36E-03 

"107Pd 1.29E-01 8.12E+03 8.12E-02 

23Ipu 1.97E+00 1.24E+05 1.24E+00 
2 3 9pu 3.56E+02 2.24E+07 2.24E+02 

2°Pu 4.90E+02 3.09E+07 3.09E+02 

241pu 3.19E-01 2.01E+04 2.01E-01 

242pu 2.06E1+00 1.30E+05 1.30E+00 

226Ra 3.76E-03 2.37E+02 2.37E-03
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Table 8.3-1. Calculation of the NRC Release Limit (Continued)

8-22

1,000-Year 1,000-Year Inventory 
Inventory for 63,000 MTU NRC Limit 

Radionuclide (Ci/MTU) (Ci) (Cilyr) 
22

8Ra 1.42E-08 8.93E-04 8.93E-09 

79Se 4.48E-01 2.82E1+04 2.82E-01 

"'5Sm 2.06E-01 1.30E+04 1.30E-01 

"2Sn 8.66E-01 5.46E+04 5.46E-01 

"9Tc 1.43E+01 9.03E+05 9.03E+00 
229Th 1.60E-04 1.01E+01 1.OIE-04 
23°Th 2.1OE-02 1.32E+03 1.32E-02 

232Th 1.42E-08 8.93E-04 8.93E-09 

233u 4.05E-03 2.55E+02 2.55E-03 
234u 2.52E+00 1.58E+05 1.58E+00 

235U 1.76E-02 1.1 1E+03 1.11E-02 
23 6

U 2.94E-01 1.85E+04 1.85E-01 

238U 3.16E-01 1.99E+04 1.99E-01 

93Zr 2.44E+00 1.54E+05 1.54E+00 

I Total 1.97E+03 1.24E+08 1.24E+03



Table 8.3-2.. Summary of Analysis Variations for Major Cases Evaluated in TSPA-1995 

Thermo- Areal Power Backfill Infiltration 3) 
hydrologic Loading Configuration 
Modeling (MTU/acre) 

FEHM •' 25 No Low 

High 

Yes Low 

High 

83 No Low 

High 

Yes Low 

High 

TOUGH 2) 24 No 0 

Yes 0 

80 No 0 

Yes 0 

1) FEHM modeling by S. Lingineni (see Chapter 4).  

2) TOUGH modeling by T. Buscheck provided for comparison purposes (Buscheck, et al., 

1995).  
3) Low infiltration range: 0.01 to 0.05 mm/yr; High infiltration range: 0.5 to 2.0 mm/yr
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Table 8.3-3. Waste Package Degradation Information for Major Cases as Implemented in RIP Simulations

# of Packages with Time to First Pit Penetration for Each Waste Package Group (years) 
at Least 1 Pit 

Case Penetration in 1 2 3 4 5 6 
100,000 years __ 

Spent DHLW 3) mean mean mean mean mean mean 
Fuel 2) 

25/NAL 1116 564 1797 2434 3247 3961 7741 47119 

25/N/- 2184 1098 2813 4130 5330 10266 29182 69958 

25/Y/L 840 420 2831 4276 6694 17600 45275 79242 

25/Y/H 2088 1050 2353 3853 5383 7551 15613 59021 

83/N/L 5658 2850 1435 1978 2362 2797 3954 11844 

83/N/H 6000 3030 1348 1845 2179 2848 4408 16517 

83/YIL 5064 2556 1790 2476 2906 3459 4560 11611 

83/Y/IH 5358 2700 1651 2217 2695 3481 4406 7178 

" Packages which pitted after 100,000 years and before 1,000,000 years were assumed to fail log-uniformly over that period of 
time.  

2) Total number of spent fuel packages = 6468.  

31) Total number of DHLW packages = 3829.

00
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Table 8.3-4. _ Comparison of NRC Release Rate Limit with an Expected Value Case for up 
to 100,000 years (83 MTU/acre, no backfill, and high infiltration rate. RH 
criteria for corrosion initiation')

83 MTU/acre, No Backfill and High Infiltration Rate Case 
Radio- NRC 
nuclide Limit Max. Release Time for Max.  

(Ci/yr) Rate Release Rate Max. Release Rate/ 

(Ci/yr) (years) NRC Limit 

227Ac 2.45E-04 1.54E-02 16,600 6.28E+01 

24Am 6.69E+02 8.92E+00 2,200 1.33E-02 

"242MAm 1.68E-01 5.38E-05 2,200 3.20E-04 

23Am 1.47E+01 2.11E+00 16,600 1.43E-01 

14c 7.96E-01 3.11E+01 2,200 3.91E+01 

36CI 7.13E-03 2.93E-01 2,200 4.1 1E+01 

24Cm 4.19E-11 __ 2) 

245Cm 2.01E-01 4.09E-08 7,100 2.03E-07 

24Cm 3.90E-02 3.56E-05 7,200 9.13E-04 

135Cs 3.3 1E-01 7.39E+00 2,200 2.23E+01 

129I 2.22E-02 9.60E-01 2,200 4.32E+01 

93MNb 1.46E+00 ......  

94Nb 5.16E-01 3.31E-02 16,600 6.41E-02 
59Ni 1.5 1E+00 3.12E+01 2,200 2.07E+01 
63Ni 1.34E-01 8.96E-04 2,100 6.69E-03 

237Np 7.82E-01 2.10E+00 16,600 2.68E+00 

23'pa 2.44E-04 1.86E-02 16,600 7.62E+01 

21°pb 2.36E-03 1.26E+01 100,000+3) 5.34E+03 

"107Pd 8.12E-02 1.69E+00 2,200 2.08E+01 
238pu 1.24E+00 4.05E-06 2,100 3.27E-07 

239pu 2.24E+02 7.19E-01 16,700 3.2 1E-03 

'Pu 3.09E+02 5.39E-01 4,500 1.74E-03 

241pu 2.01E-01 .. I I
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Table 8.3-4..

1) 

2) 

3)

Comparison of NRC Release Rate Limit with an Expected Value case for up to 
100,000 years (83 MTU/acre, no backfill, and high infiltration rate. RH switch 
for corrosion initiation. I)) (Continued)

This case yielded the most conservative results (the largest release rates).  
-- Indicates that the maximum release rate was very small and is not reported.  
100,000+ indicates that the release rate was increasing at the end of the simulation.

8-26

83 MTU/acre, No Backfill and High Infiltration Rate Case 
Radio- NRC 
nuclide Limit Max. Release Time for Max.  

(Ci/yr) Rate Release Rate Max. Release Rate/ 

(Ci/yr) (years) NRC Limit 
24 2pu 1.30E+00 2.32E-02 100,000+ 1.78E-02 

226Ra 2.37E-03 1.69E+01 100,000+ 7.13E+03 

22SRa 8.93E-09 1.5 1E-03 100,000+ 1.68E+05 
79Se 2.82E-01 6.21E+00 2,200 2.20E+01 

'5 1Sm 1.30E-01 7.32E-04 2,100 5.63E-03 
126Sn 5.46E-01 1.62E-02 16,600 2.97E-02 

"9Tc 9.03E+00 2.00E+02 2,200 2.21E+01 
229Th 1.01E-04 1.62E-03 100,000+ 1.60E+01 

23 0 Th 1.32E-02 5.05E-03 166,600 3.82E+01 

2 3 2Th 8.93E-09 2.32E-08 100,000+ 2.60E+00 

233U 2.55E-03 3.82E-04 100,000+ 1.50E-01 

234U 1.58E+00 7.29E-03 16,600 4.61E-03 

235u 1.11E-02 2.22E-05 35,100 2.OOE-03 

236U 1.85E-01 3.35E-04 28,000 1.81E-03 

238u 1.99E-01 3.33E-04 16,600 1.67E-03 
93Zr 1.54E+00 2.63E-04 16,600 1.71 E-04



Table 8.3-5.. Radionuclides Considered for the Comparison with the NRC EBS Release Rate 
Limit in TSPA-1995n and TSPA-1993 2)

TSPA-1995 TSPA-1993 
Radio
Nuclide Maximum Time for Max. Maximum Time for Max.  

Release Rate Release Rate Release Rate Release Rate 
(Ci/yr) (years) (Ci/yr) (years) 

14C 3.11E+01 2,200 6.20E+00 1,000 

135Cs 7.39E+00 2,200 1.90E+00 1,500 
59Ni 3.12E+01 2,200 6.30E+00 2,000 

237Np 2.10E+00 16,600 3.90E+00 7,000 
210pb 1.26E+01 100,000+3) 1.90E+00 60,000 

107 Pd 1.69E+00 2,200 ---.4) .. 4) 

226Ra 1.69E+01 100,000+3) 1.30E+00 20,000 

79Se 6.21E+00 2,200 1.60E+00 2,000 

99Tc 2.00E+02 2,200 6.00E+01 1,500 

1) Nuclides were selected based on the case that yielded the most conservative results: 83 
MTU/acre with no backfill, high infiltration rate, and using the RH criteria for corrosion 
initiation of the outer barrier. The waste container design assumed a 10-cm thick carbon 
steel outer barrier and a 2-cm thick Alloy 825 inner barrier.  

2) Nuclides were selected based on the "reference" design that yielded the most conservative 
results: 57 kW/acre, a 10-cm thick (carbon steel) outer barrier, a 0.95-cm (Alloy 825) 
inner barrier, using water saturation as the corrosion initiation for aqueous corrosion, and 
using Westinghouse model for aqueous corrosion rate (Andrews, et al., 1994).  

"3) 100,000+ indicates that the release rate was increasing at the end of the simulation.  
4) Not included.
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Table 8.3-6.- Regression Statistics for 10,000 Year EBS Peak Release Rate for the Case of 
25 MTU/acre, no Backfill, High Infiltration Rate 

Parameter Rank(P.M.)') vs Rank(x) In(P.M.) vs x in(P.M.) vs In(x) 

Rank % of Rank % of Rank % of 
Importance Variance Importance Variance Importance Variance 

Explained 2 Explained 2 Explained 2) 

Solubility Cs 4 73 

Solubility Ni 3 32 

Solubility Np 5 74 4 34 4 80 

Solubility Pb 5 80 

Solubility Se 

Solubility Tc 1 51 1 51 

Waste Package 
f~sp 3) 

qdrip 4) 

qinf (UZ) 5) 2 62 2 28 3 79 

Surface Area of 
DHLW 

Eff. Diff. 5 37 
Coeff.  

Glass Diss.  
Rate 

SF Diss. Rate 3 73 1 18 2 65

1) 

2) 

3) 

4) 

5)

P.M. = the performance measure (in this case EBS peak release rate) 
% of variance explained by parameters ranked less than or equal to the given.parameter, 
e.g., for parameter with rank 3, the number listed is the % variance explained by the 
parameters ranked 1, 2, and 3, together.  
Fraction of waste packages with drips.  
qcp = flux of dripping fractures 
qu.(UZ) = percolation rate in unsaturated zone
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Table 8.3-7.- Regression Statistics for 10,000 Year EBS Peak Release Rate for the Case of 
83MTU/acre, no Backfill, High Infiltration Rate 

Rank(P.M.)') vs Rank(x) In(P.M.) vs x In(P.M.) vs In(x) 

Parameter Rank % of Rank % of Rank % of 

Importance Variance Importance Variance Importance Variance 
Explained ' Explained 2) Explained 1) 

Solubility Cs 5 46 

Solubility Ni 5 91 5 89 

Solubility Np 

Solubility Pb 

Solubility Se 

Solubility Tc 1 60 3 41 1 51 

Waste Package 
"fdrp3) 

qdnp 4) 

qinf (UZ) 5) 3 91 2 33 3 87 

Surf. Area of 4 91 4 45 4 88 
DHLW 

Eff. Diff. Coef.  

Glass Diss.  
Rate 

SF Diss. Rate 2 80 1 25 2 76

1) 

2) 

3) 

4) 

5)

P.M. = the performance measure (in this case EBS peak release rate) 
% of variance explained by parameters ranked less than or equal to the given parameter, 
e.g., for parameter with rank 3, the number listed is the % variance explained by the 
parameters ranked 1, 2, and 3, together.  
fraction of waste packages with drips.  
qdrp = flux of dripping fractures 
qi,(UZ) = percolation rate in unsaturated zone
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Figure 8.3-4h Sensitivity of the EBS release rate for 226Ra to the presence of backfill (NRC 
limit = 0.00237 Ci/yr).

8-46

.103 

z101 

100 

w 
E 101 
2 
t 10-2 

I 10-3 C,-

10000

I- .



10,000-yr Expected-Value EBS Release
102 

S101 
0 

V-- 
100 

CCD 10-1 
w 
E 
2 102 LL 

CD 
S10-3

10-4

0 2000 4000 6000 8000 10000 

Time (yrs) 
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Figure 8.3-5b Sensitivity of the EBS release rate for 9Tc to the alternative advective release 
model (NRC limit = 9.03 Ci/yr).
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model (NRC limit = 0.00237 Ci/yr).
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Figure 8.3-6f Sensitivity of the EBS release rate for 237Np to the presence of capillary barrier 
(NRC limit = 0.782 Ci/yr).
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Figure 8.3-7b Sensitivity of the EBS release rate for 99Tc to cladding failure (NRC limit = 
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Figure 8.3-8b Sensitivity of the EBS release rate for 99Tc to cladding failure with the spent 
fuel surface area increased by a factor of 100 (NRC limit = 9.03 Ci/yr).
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Figure 8.3-8e Sensitivity of the EBS release rate for 59Ni to cladding failure with the spent 
fuel surface area increased by a factor of 100 (NRC limit = 1.51 Ci/yr).  
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Figure 8.3-8f Sensitivity of the EBS release rate for 237Np to cladding failure with the spent 
fuel surface area increased by a factor of 100 (NRC limit = 0.782 Ci/yr).
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Figure 8.3-8g Sensitivity of the EBS release rate for 21°Pb to cladding failure with the spent fuel 
surface area increased by a factor of 100 (NRC limit = 0.00236 Ci/yr).
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Figure 8.3-8h Sensitivity of the EBS release rate for 226Ra to cladding failure with the spent fuel 
surface area increased by a factor of 100 (NRC limit = 0.00237 Ci/yr).
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Figure 8.3-9a Sensitivity of the EBS release rate for '4C to the thermal-hydrologic model 
(NRC limit = 0.796 Ci/yr).
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Figure 8.3-9b Sensitivity of the EBS release rate for 9Tc to the thermal-hydrologic model 
(NRC limit = 9.03 Ci/yr).
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Figure 8.3-9c Sensitivity of the EBS release rate for 79Se to the thermal-hydrologic model 
(NRC limit = 0.282 Ci/yr).
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Figure 8.3-9d Sensitivity of the EBS release rate for '"Cs to the thermal-hydrologic model 
(NRC limit = 0.331 Ci/yr).
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Figure 8.3-9e Sensitivity of the EBS release rate for 5gNi to the thermal-hydrologic model 
(NRC limit = 1.51 Ci/yr).
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Figure 8.3-9f Sensitivity of the EBS release rate for 237Np to the 
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Figure 8.3-9g Sensitivity of the EBS release rate for 210Pb to the thermal-hydrologic model 
(NRC limit = 0.00236 Ci/yr).
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Figure 8.3-9h Sensitivity of the EBS release rate for 226Ra to the 
(NRC limit = 0.00237 Ci/yr).
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Figure 8.3-10
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Sensitivity of the EBS release rate for 1291 to its release mode from the EBS 
(NRC limit = 0.022 Ci/yr).
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Figure 8.4-2 CCDF's of normalized cumulative release from the EBS (normalized to the 10 
CFR 191.13 limit): 25 MTU/acre, no backfill, high infiltration rate, R.H. switch 
for the corrosion initiation.
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Figure 8.4-3 CCDF's of normalized cumulative release for all the radionuclides from the 
EBS (normalized to the 10 CFR 191.13 limit): 25 or 83 MTU/acre, no backfill, 
high or low infiltration rate, R.H. switch for corrosion initiation.
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Figure 8.4-4 CCDF's of normalized cumulative release for 14C from the EBS (normalized to 
the 10 CFR 191.13 limit): 25 or 83 MTU/acre, no backfill, high or low 
infiltration rate, R.H. switch for the corrosion initiation.
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low infiltration rate, R.H. switch for the corrosion initiation.
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Figure 8.4-6 CCDF's of normalized cumulative release for 1291 from the EBS (normalized to 
the 10 CFR 191.13 limit): 25 or 83 MTU/acre, no backfill, high or low 
infiltration rate, R.H. switch for the corrosion initiation.
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Figure 8.4-7 CCDF's of normalized cumulative release for 237Np from the EBS (normalized 
to the 10 CFR 191.13 limit): 25 or 83 MTU/acre, no backfill, high or low 
infiltration rate, R.H. switch for the corrosion initiation.
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Figure 8.4-8 CCDF's of normalized cumulative release for 59Ni from the EBS (normalized to 
the 10 CFR 191.13 limit): 25 MTU/acre or 83 MTU/acre, no backfill, high or low 
infiltration rate, R.H. switch for the corrosion initiation.
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9. NATURAL-BARRIER RELEASE AND DOSE

S. David Sevougian, Jerry A. McNeish, Q. Laura Wang, Joel E. Atkins, Vinod Vallikat 

9.1 INTRODUCTION 

This chapter presents the predicted radionuclide release and radiation dose at the accessible
environment boundary, 5 km from the repository footprint boundary. As shown in Figure 9.1-1, 
these results represent the culmination of the TSPA-1995 Information Flow Diagram.  

Inherent in the analyses in this chapter is the uncertain or stochastic nature of the predictions.  
This statistical behavior is captured by plots of the complementary cumulative distribution 
function (CCDF) of a particular performance measure over the time period of interest, either 
10,000 or 1,000,000 years. (Note: CCDF = 1 - CDF, where CDF is the cumulative distribution 
function.) The performance measure for radionuclide release (in Curies) is the total (i.e., the sum 
of all radionuclides) cumulative release over 10,000 years, normalized to the Table 1 values in 
40 CFR Part 191. The performance measure for radiation dose (in rem/yr) is the total (i.e., the 
sum of all radionuclides) peak dose to a person at the accessible environment using the tuff 
aquifer for his or her drinking water (2 liters/day), calculated over both 10,000 years and 
1,000,000 years. (The treatment and effect of radionuclides that are transported in the gaseous 
phase, i.e., 14C, rather than the aqueous phase, is discussed in Section. 7.5.) The 1,000,000-year 
time frame for peak dose is the one suggested in the recent report by the National Research 
Council (1995). [Note: the peak doses calculated in this chapter should not be compared to 
the average dose a member of the "critical"population may be exposed to over the time period 
of interest. As discussed in Chapter 10, the average dose is expected to be some orders of 
magnitude less than the peak dose to the maximally-exposed individuaL] 

The expected value of a statistical distribution is one of the most important parameters used to 
characterize the behavior of the distribution. Thus, besides showing CCDFs that represent the 
entire range of the various parameter distributions, expected-value time histories ("breakthrough 
curves") are also given in this chapter for the five or six radionuclides with the highest release 
rates or doses at the accessible environment. An expected-value release-rate history is the 
breakthrough curve for rate-of-release of radioactivity (Ci/yr) at the accessible environment for 
a single realization that uses the expected values for all stochastic parameters. Similarly, an 
expected-value dose history is the breakthrough curve for dose exposure (rem/yr) at the accessible 
environment for a single realization that uses the expected values for all stochastic parameters.  
For the 10,000-year time period, expected-value time histories for both release rate and dose are 
evaluated, whereas for 1,000,000 years primarily only dose time histories are evaluated.  

The effect of model and parameter uncertainty on predicted results is evaluated by a number of 
sensitivity analyses. Alternative repository designs and alternative scenarios for natural-system 
behavior are considered, including (1) low and high water-infiltration rates through the 
unsaturated zone (0.01-0.05 mm/yr and 0.5-2.0 mn/yr); (2) low and high thermal load 
(25 MTU/acre and 83 MTU/acre); (3) alternative thermohydrologic models for the near-field 
environment (the model discussed in Chapter 4 vs. the Buscheck et al. model); (4) three waste
package-degradation (corrosion-initiation) models (relative-humidity controlled, temperature and
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relative-humidity controlled, and temperature and relative-humidity controlled with cathodic 
protection); (5) five conceptual models of EBS transport and water movement (drips directly on 
waste form, drips on waste package but not on waste form, no drips or capillary-barrier effect, 
no drips and aqueous EBS transport of 129I and 36C1, and no drips and aqueous EBS transport of 
"129[ and 36C1 plus 14C transport directly to atmosphere-the "diffusion-only" model); (6) 
fracture/matrix interaction in the geosphere (the effect of intra-unit fracture connectivity within 
a given hydrogeologic unit); and (7) climate change (with and without water table rise).  

In addition to CCDFs and expected-value time histories, evaluation of repository performance 
using linear regression analysis provides an explanation for the degree of the variance in the 
performance measures (total peak dose or cumulative release) that can be explained by one or 
more of the model parameters. Thus, in this chapter, stepwise linear regression is used to 
determine the sensitivity of the performance measures (either cumulative release or peak dose) 
to the uncertain model parameters for the two time periods of interest, 10,000 and 1,000,000 
years.  

This chapter is organized according to the time period of interest, and then by the sensitivity 
analyses discussed above. Section 9.2 discusses 10,000-year repository performance, while 
Section 9.3 discusses 1,000,000-year repository performance. Section 9.4 deals with subsystem 
performance, e.g., 1,000,000-year releases from the EBS compared to 1,000,000-year releases 
from the various natural barriers. All results in Chapter 9 are generated using the RIP TSPA 
model (Golder, 1994).  

9.2 10,000-YEAR REPOSITORY PERFORMANCE 

This section presents expected-value release-rate and radiation dose histories for various 
radionuclides over 10,000 years. Total cumulative release CCDFs over all nuclides and total
peak-dose CCDFs over all nuclides for the 10,000-year time frame are also presented. Each 
point on the total cumulative release CCDF is the integrated release of radioactivity (integral over 
10,000 years and over all nuclides) for a particular realization of the stochastic parameters, 
normalized by the Table-1 release limits in 40 CFR Part 191. Thus, the cumulative release 
CCDFs originally had units of Curies, but have been nondimensionalized by the Table-1 release 
limits. Each point on the total-peak-dose CCDF represents the maximum dose exposure (rem/yr) 
over the entire time of the simulation for that particular realization. This peak dose may occur 
at any time during the 10,000-year time span, and represents a sum over all nuclides at that 
particular time. Unless otherwise noted, all CCDFs represent the result of 100 realizations of the 
stochastic parameters.  

9.2.1 Alternative Thermal Loads, Thermohydrologic Models, and Infiltration Scenarios 

As discussed in Chapter 4 (Lingineni et al.), process-level simulations for the near-field 
repository environment included two alternative thermal loads (25 MTU/acre or 83 MTU/acre), 
combined with two backfill scenarios (no backfill, i.e., air surrounding the waste packages, or 
gravel backfill) and two infiltration rate scenarios ("high" = 0.3 mm/yr or "low" = 0.05 mm/yr).  
Thus, the process-level thermohydrologic simulations produced 2' scenarios for near-field 
repository performance, which are abstracted into the RIP TSPA model. These scenarios are
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designated in the figures for this chapter as: 83/yes/hiq, 83/yes/loq, 83/no/hiq, 83/no/loq, 
25/yes/hiq, 25/yes/loq, 25/no/hiq, and 25/no/loq, where 

83 =- 83 MTU/acre, 
25 a 25 MTU/acre, 
yes gravel backfill, 
no no backfill, 
hiq infiltration rate (qn) uniformly sampled in the range 0.5 to 2.0 mm/yr, and 
loq a infiltration rate (qnf uniformly sampled in the range 0.01 to 0.05 nun/yr.  

For all eight of these cases, the near-field performance was combined with the geosphere TSPA 
model to produce 10,000-year simulations of the performance of the combined EBS and natural 
barrier system. Because the four scenarios with low infiltration rate do not produce any releases 
to the accessible environment over 10,000 years, there are no plots for these in Section 9.2. (All 
eight scenarios are applicable for the 1,000,000-year performance discussed in Section 9.3.) 

The figures in this section also include the designation "clime", which means that they were 
generated with the model for infiltration-rate variation introduced in Section 7.7. However, the 
results in Section 9.2 do not include the model for changes in water-table elevation, also 
described in Section 7.7. (Climate change has little effect over 10,000 years.) 

Besides the process-level simulations presented in Chapter 4, near-field thermohydrologic 
simulations by Buscheck et al. (1995) were also evaluated for their effect on releases/doses at 
the accessible environment. The Buscheck et al. thermal modeling results for 80 MTU/acre did 
not produce significant waste package failure in 100,000 years. For example, the 80 MTU/acre, 
no-backfill case resulted in over 99 percent of the packages being intact (i.e., no pits completely 
through the package) up to 100,000 years, while the 80 MTU/acre, backfill case had 100 percent 
intact packages up to 100,000 years (see Chapter 5). For the Buscheck et al. low thermal load 
(24 MTU/acre), the no-backfill case had over 99 percent of the packages intact at 100,000 years, 
while the backfill case had 90 percent of the packages intact. Over the shorter time-frame of 
10,000 years, there were no package failures (see Chapter 5), and therefore no releases to the 
accessible environment, for the following three cases: (1) Buscheck et al. 80 MTU/acre with 
backfill; (2) Buscheck et al. 24 MTU/acre with backfill; and (3) Buscheck et al. 80 MTU/acre 
without backfill. Thus, in Section 9.2.1, for the Buscheck et al. thermohydrologic model, the only 
case for which 10,000-year releases and doses to the geosphere are presented is 24 MTU/acre 
without backfill. These results are discussed at the end of this section.  

Release to Accessible Environment (AE) 

The 10,000-year, expected-value, release-rate histories for alternative thermal loads, assuming the 
high-infiltration range, varying infiltration due to climate change, and the thermohydrologic 
model of Chapter 4 (Lingineni et al.), are presented in Figures 9.2-1 to 9.2-4 for the most 
important radionuclides during the 10,000-year time frame-99Tc, 14C, 1291, and 36C1. All of these 
are nonsorbing nuclides, i.e., Kd = 0 in the geosphere, and they dominate both the release-rate 
history curves and the normalized-release CCDFs over 10,000 years (as well as doses-see 
below). (The most important sorbing radionuclide, 237Np, is also shown on these plots, for
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comparison,.and has much lower releases and doses than the sorbing nuclides during the first 
10,000 years.) 

The 83 MTU/acre, no-backfill case (Figure 9.2-1) compared to the 25 MTU/acre no-backfill case 
(Figure 9.2-2) shows the 83 M1TU/acre releases begin approximately 1000 years earlier and reach 
release-rate peaks about 5 times greater than the 25 MTU/acre case. The step-like nature of the 
release-rate curves for the 83 MTU/acre case is probably a result of time and spatial 
discretization within the RIP model. In particular, the column with the fastest travel time breaks 
through first with its release dispersed over the length of the time step, followed by the second 
fastest column, etc. The earlier initial breakthrough for the 83 MTU/acre case is due to earlier 
and greater waste-package failures because of its higher temperature history compared to the 
25 MTU/acre case. (Higher temperature causes a higher pit-growth rate, and this is the main 
controlling factor for waste-package failure---cf. Figures 4.2-8, 4.2-12, and 5.5-1.) 

The release-rate history curves for the cases with gravel backfill (Figures 9.2-3 and 9.2-4) have 
a similar shape to those without backfill. However, for the gravel backfill cases, the difference 
in initial breakthrough time between the 83 MTU/acre case (Figure 9.2-3) and the 25 MTU/acre 
case (Figure 9.2-4) is not significant. The no-backfill cases were simulated in the process-level, 
thermohydrologic analyses (Chapter 4) using a drift filled only with air, and an invert under the 
waste packages. The backfill case was simulated with gravel in the drift around the waste 
packages. The temperature, relative humidity, and saturation histories from these process-level 
results were then incorporated in the TSPA model, where they affect waste-package degradation 
(corrosion) and diffusion through the EBS. An important conclusion in comparing the predicted 
releases from the backfill versus no backfill scenarios is that there is very little difference in the 
release rate curves between the two cases, e.g., compare Figure 9.2-1 with Figure 9.2-3. The 
difference is even smaller over long time frames (see Section 9.3). This is because the 
thermohydrologic modeling in Chapter 4 resulted in very similar temperature and relative
humidity histories for the no-backfill and backfill scenarios.  

The 10,000-year total cumulative release CCDFs for 100 realizations, normalized to the 40-CFR
Part-191 Table-1 release limits are shown in Figures 9.2-5 to 9.2-8. (The release limits are 
indicated by the shaded area in the figures.) Figure 9.2-5 compares the two thermal loading 
scenarios assuming no backfill, while Figure 9.2-6 compares the two thermal loading scenarios 
assuming a gravel backfill. (Again, these cases use results from the thermohydrologic model 
described in Chapter 4.) Although the expected-value release-rate history curves for the 
83 MTU/acre cases showed higher release-rate peaks than the 25 MTU/acre cases, the integrated 
release from the two cases is approximately the same at most values of the sampled parameter 
distributions. (At the high end of the cumulative release CCDFs, the 83 MTU/acre load produces 
slightly higher normalized releases.) One thing to be realized when integrating the release-rate 
history curves is that, although 9Tc has the greatest releases to the accessible environment in 
Ci/yr on the expected-value plots, "4C dominates the normalized cumulative release CCDFs 
because it has a much lower release-limit factor than 99Tc (100 for "4C vs. 10,000 for 99Tc) in the 
40-CFR-Part- 191 Table 1. That is, since 99Tc release rates are only about 10 times higher than 
those of the 14C, when they are each divided by their respective release-limit factor, 99Tc will be 
10 times lower than '4C. The other nuclides on the history curves, '291 and 6C1, have release
limit factors equal to "'C, so their integrated releases are unimportant.
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Figure 9.2-7-shows the difference between backfill and no backfill CCDFs for the 83 MTU/acre 
case, while Figure 9.2-8 shows the same comparison for the 25 MTU/acre case. As can be seen 
from these two figures, gravel backfill makes very little difference in the cumulative releases over 
a 10,000-year time span, at least according to the process-level thermohydrologic model of 
Chapter 4. However, it is important to note that we have used the same conceptual model for 
advective transport through the EBS for both the backfill and no-backfill thermohydrologic 
models, i.e., both of these two cases (backfill and no-backfill) had the same number of dripping 
fractures on the waste packages in the TSPA model according to the value of the infiltration rate 
(see Chapter 7). If EBS transport were assumed to be different in these two cases (e.g., if drips 
on the waste-package were assumed for the no-backfill scenario, but not assumed for the backfill 
scenario), then the results could be very different, as discussed in Section 9.2.3.  

Peak Dose at Accessible Environment 

The 10,000-year expected-value dose histories for the alternative thermal loads, assuming a 
climate change model (but no water table rise) and the thermohydrologic model of Chapter 4, 
are presented in Figures 9.2-9 to 9.2-12. Most of the conclusions regarding release rate, 
discussed above, are applicable to dose also. In particular, for no backfill the 83 MTU/acre cases 
show an earlier initial breakthrough and greater peak dose for individual radionuclides compared 
to the 25 MTU/acre case. One important difference between release rate histories and dose 
histories is that 1291 is just as important as 9Tc on the dose histories, whereas for release rate 9Tc 
was the predominant nuclide. This is because 1291 has a higher dose-conversion-factor-to-specific
activity ratio than "Tc. In particular, from Table 7.6-1, the dose conversion factor (DCF) for 1291 

is 35.2 (rem/yr)/(g/m3 ) and for 9Tc it is 17.9 (rem/yr)/(g/m3). The specific activity of 1291 is 
1.77x10-4 Ci/g and for 99Tc it is 0.017 Ci/g. Taking the ratio of DCF to specific activity gives 
the dose conversion factor in units of (ren/yr)/(Ci/m3). This conversion factor is 
1.99x105 (rem/yr)/(Ci/m 3) for 1291 and 1.05x103 (rem/yr)/(Ci/m3) for 9Tc. This is a ratio of 189, 
which explains why'the 99Tc/'291 dose ratio is about 1 while the release-rate ratio is about 200 (cf.  
Figures 9.2-1 and 9.2-9). (To get actual dose in rem/yr from release rate in Ci/yr also requires 
the volumetric fluid-flow rate in m3/yr.) 

The 10,000-year total-peak-dose CCDFs are shown in Figures 9.2-13 to 9.2-16. Figure 9.2-13 
compares the two thermal loading scenarios when there is no backfill, while Figure 9.2-14 
compares the two thermal loading scenarios when there is a gravel backfill. For both backfill 
scenarios, the 25 MTU/acre peak doses are slightly lower than the 83 MTU/acre peak doses 
because of the high peak for 99Tc and 1291 between 9,000 and 10,000 years in the 83 MTU/acre 
cases, as indicated on the expected-value history plots. As with releases, there is very little 
difference on the total-peak-dose CCDFs between backfill and no-backfill scenarios (Figures 
9.2-15 and 9.2-16), but again this conclusion is dependent on using the same model for EBS 
advective transport for both backfill and no-backfill.  

Buscheck's Thermohydrologic Model 

The last sensitivity case in this section examines 10,000-year predicted releases and doses at the 
accessible environment that result from coupling the RIP TSPA model to near-field simulations 
from the Buscheck et al. (1995) thermohydrologic model.

9-5



Figure 9.2-17 compares the CCDF of total release for the Buscheck et al. 24 MTU/acre model 
(without backfill) with the CCDF of total release for the Lingineni et al. 25 MTU/acre model 
(without backfill) that was described in Chapter 4. Figure 9.2-18 compares the comparable peak 
dose CCDFs. Overall, as expected from the temperature history (Figure 4.2-21), the use of the 
Buscheck et al. model results in lower releases and lower doses at the accessible environment 
because the slightly higher temperature for the Lingineni model results in higher corrosion and 
dissolution rates. The expected-value history curves for releases and doses (Figures 9.2-19 and 
9.2-20) show the same behavior. For example, if we compare Figure 9.2-20 with Figure 9.2-10, 
it is clear that the total peak dose at the accessible environment over the 10,000-year time span 
(which results mainly from "Tc and 1291) is about 2 times higher for the Lingineni et al.  
25 MTU/acre model, which is confirmed on the CCDF plot (Figure 9.2-18) by comparing the two 
CCDF curves at a probability of 0.5. Similar differences are found on the release-rate histories 
(Figure 9.2-19 vs. Figure 9.2-2). (As noted previously, "

4C dominates the normalized cumulative 
release CCDFs because it has a much lower 40-CFR-Part-191 release-limit factor than 99Tc.) 

9.2.2 Alternative Waste-Package Degradation Models 

Because of the considerable uncertainty about corrosion-initiation processes and corrosion rates, 
several conceptual models of waste-package degradation have been examined in previous chapters 
of this report (Chapters 5 and 8). The impact of these various conceptualizations on total peak 
dose and cumulative release at the accessible environment is presented in this section.  

All other results in Section 9.2 have used the corrosion-initiation model that begins corrosion 
when the relative humidity (R.H.) rises above 65%. In this section, we look at two other 
corrosion initiation models and their effect on doses at the accessible environment. The first 
model assumes that two criteria must be met to initiate corrosion: the relative humidity must be 
above 65% and the temperature must be below 100'C. The other sensitivity case is for a model 
that includes cathodic protection plus initiation of corrosion when both R.H. > 65% and T < 
100IC.  

For the 25 MTU/acre thermal load (with the Lingineni et al. thermohydrologic model), the 
temperature is always below 100°C by the time the R.H. rises above 65%. Therefore, the 
25 MTU/acre case is not useful for checking the sensitivity of doses at the accessible 
environment to the corrosion-initiation models. Instead, we look at the 83 MTU/acre thermal 
load (without backfill and with high qinf), for which the relative humidity reaches 65 percent 
before the temperature drops below 100°C. Thus, if corrosion initiation is delayed until both the 
temperature and relative humidity conditions are satisfied, it is suspected that the releases will 
be less than if the corrosion is initiated immediately upon reaching R.H. = 65%, i.e., the dose at 
the accessible environment should be less than for the cases previously discussed in this chapter.  

100-realization, total peak dose and cumulative release CCDFs are shown for the R.H.-only 
corrosion-initiation model and the combined R.H. & T initiation model in Figures 9.2-21 and 
9.2-22, respectively. No releases are shown for the cathodic protection model because no 
nuclides reached the accessible environment in 10,000 years when using this model. The two 
models that are shown do not exhibit major differences in releases or doses, with the R.H.&T 
model only showing a reduction in release and dose by about a factor of 2 to 5 compared the 
R.H.-only model during the 10,000-year time span. Clearly, however, the cathodic-protection
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scenario offers dramatic dose reduction if the time frame of interest is 10,000 years. This should 
be compared to the minimal reduction exhibited during a 1,000,000-year time frame (Section 
9.3.2).  

9.2.3 Alternative Conceptual Models for EBS Transport 

This section compares 10,000-year performance for five different conceptual models of water 
movement and radionuclide transport in the repository drifts: (1) fractures dripping directly onto 
the waste-form, i.e., directly on the spent fuel and DHLW glass; (2) fractures dripping on the 
corroding metal waste containers, but not directly on the waste form; (3) no dripping fractures 
(the so-called capillary-barrier effect); (4) no dripping fractures and also aqueous (rather than 
gaseous) transport of 1291 and 36C1; and (5) no dripping fractures and also aqueous transport of 
129I and 36C1 plus direct shunting of 14C to the atmosphere (i.e., 14C does not travel to the 
accessible environment in the aqueous phase, so it has no effect on dose). The first four of these 
models have been discussed in more detail in Chapter 6, and EBS releases for these four models 
were presented in Chapter 8.  

The first model, or "drips-on-waste-form" model is the most conservative, i.e., the most 
pessimistic about repository performance. This model is used for all the simulations in Chapter 
9, with the exception of a few discussed in this section. In the "drips-on-waste-form" model, as 
soon as the first pit completely penetrates the inner waste container, it is assumed that the 
advective flow from drift-scale dripping fractures goes through the pit, interacts with the waste 
form, and then advectively transports the radionuclides away -from the waste form, through the 
EBS, and into the geosphere at the same volumetric flow rate as the dripping flow onto the waste 
form. This model also allows diffusive mass-transfer through the aqueous phase occupying the 
invert and backfill, but this mode of transport is insignificant compared to the advective transport.  

In the second, or "drips-on-waste-container" model, the pits in the waste containers are assumed 
to always be filled with corrosion products, so that drips cannot directly contact the waste form, 
but can only contact the outer surface of the waste container. These corrosion-filled pits act as 
a mass-transfer barrier, such that mass-transfer occurs only by diffusion through the pits. This 
effectively lowers the radionuclide concentration encountered by drips at the waste-container 
surface, compared to the concentration the drips would have encountered at the waste-form 
surface if the corrosion products did not act as a barrier to advection. Once the radionuclides 
diffuse through the pits, they are swept away in the dripping water by advection, and they also 
diffuse through the invert and backfill, although the diffusive transport is again insignificant 
compared to the advection.  

The third EBS transport model is the "no-drip", or capillary-barrier-effect model. This model 
assumes that the dripping fractures never interact with the waste form, waste package, or EBS, 
so that the aqueous-phase radionuclides (but not gas-phase nuclides) can only enter the geosphere 
by diffusion through the corroded waste container and then through the invert and/or backfill.  
Thus there is no advective release of aqueous-phase radionuclides through the EBS. This 
transport model could result from placing a Richard's (or capillary) barrier above the waste 
containers, consisting of two materials of disparate capillary properties, which "soaks up" drips 
from fractures and redistributes the dripping flow as slow matrix flow through the upper layer 
(the layer with greater capillary suction). The no-drip model might also result from ordinary

9-7



single-layer,.coarse-gravel backfill. In this conceptualization, the dripping water is slow enough 
that when it contacts the gravel surface, it spreads out and equilibrates with the vapor phase, and 
is no longer concentrated enough to continue as advective flow.  

In the previous three models, and in all other sections of this chapter, it was assumed that all 
radionuclides moved through the EBS by aqueous-phase transport except 1291, 36C1, and 14C, which 
are assumed to be gas-phase species. Thus, the capillary-barrier model is ineffective in retarding 
the movement of these three gas-phase radionuclides, and they become the biggest contributors 
to dose for the no-drip or capillary-barrier EBS transport model (see figures below). However, 
because of the high reactivity of gaseous 12 and Cl2, it seems quite possible that they may easily 
be dissolved and reduced in the aqueous phase before they are able to traverse the entire EBS.  
In that case, their only mode of transport across the EBS would be diffusion through the aqueous 
phase, just like all the other aqueous-phase radionuclides whose advective EBS transport is 
stopped by the capillary barrier. Thus, the capillary-barrier effect combined with aqueous EBS 
transport of 129I and 36C1 is the fourth conceptual model of EBS transport to be examined. In this 
model, only '4C is transported across the EBS in the gas phase.  

The fifth and final EBS transport model is called the "diffusion-only" model. In the previous 
models, 14C was assumed to transport across the EBS in the gas phase and then enter the aqueous 
phase in the geosphere (i.e., in the TSw formation), from whence it transports through the 
unsaturated and saturated zones to a water well at the accessible environment. In reality, most 
of the 14C may be rapidly transported directly to the atmosphere by movement through the gas 
phase in the unsaturated zone. This phenomenon has the effect of eliminating the dose exposure 
to '4C at the accessible environment, i.e., by water ingestion at the accessible environment. As 
described here, this is not really a new model of EBS transport, but a different model of 
geosphere transport. However, it is convenient to include it as a comparison case in this section.  
It is called the "diffusion-only" model, since all radionuclides that reach the accessible 
environment (i.e., the water well) can only traverse the EBS by diffusion through the aqueous 
phase.  

The 83 MTU/acre case with high infiltration was used as the nominal case for the analyses in 
this section. We only considered the high-infiltration scenario (qinf = 0.5-2.0 mm/yr) because, 
as discussed in the previous section, the low-infiltration scenario (qif = 0.01-0.05 mm/yr) does 
not produce any releases at the accessible environment in 10,000 years.  

The 10,000-year expected-value dose histories for the most conservative EBS-transport model 
(used in all other sections of this chapter), the "drips-on-waste-form" model, have already been 
shown in Figure 9.2-11. For the second, or "drips-on-waste-container" model, the expected-value 
dose histories are presented in Figure 9.2-23. As expected, the only major difference between 
these two figures is in the doses for the aqueous-phase radionuclides, 99'c and 237Np. 99Tc dose 
at the accessible environment at 10,000 years is reduced by about a factor of 10 for the "drips
on-waste-container" model compared to the "drips-on-waste-form" model. This will imply that 
the 10,000-year total peak dose will be reduced by about a factor of 2, since 129I and 99Tc 
contributed equally to the total peak dose on Figure 9.2-11. 237Np for the "drips-on-waste
container" model is lowered to values less than 10-8 rem/yr.

9-8



Figures 9.2-11 and 9.2-23 may be compared to Figure 9.2-24, which shows the radionuclides with 
the greatest dose at the accessible environment in the capillary-barrier ("no-drip") scenario. It 
is apparent that no nuclides that are transported through the EBS via the aqueous phase (e.g., 
99Tc) are able to reach the accessible environment during the 10,000-year time frame (at least at 
doses above 10-8 rem/yr) for the capillary-barrier scenario. This is because, without dripping 
fractures (which are intercepted by the capillary barrier), the only mechanism for release from 
the EBS is diffusion, which has a very low transport rate. The only nuclides able to escape the 
EBS are those nuclides (1291, 36C1, and 14C) that are transported as gas-phase nuclides through the 
EBS.  

As mentioned above, because of the high reactivity of 12 gas and Cl2 gas, it seems possible that 
they may dissolve into the aqueous phase before they traverse the entire EBS. Figure 9.2-25 
shows this scenario (i.e., a capillary barrier and aqueous EBS transport of 1291 and 36C1), and 
demonstrates that only 14C is able to reach the accessible environment in significant quantities 
over 10,000 years.  

The final EBS transport model is the "diffusion-only" model. In this model 4̀C is assumed to 
go directly to the atmosphere, and therefore does not contribute to peak dose in a water well at 
the accessible environment. This case is not accompanied by a figure because the dose at the 
accessible environment is not measurable after 10,000 years, i.e., diffusive transport of all other 
radionuclides across the EBS is too slow for them to appear at the accessible environment within 
10,000 years.  

100-realization, total-peak-dose CCDFs for the first four transport models are presented in Figure 
9.2-26. As seen in the expected-value dose histories, the total peak dose is reduced by about 
50% for the "drips-on-waste-container" and "capillary-barrier" EBS transport models, compared 
to the "drips-on-waste-form" model, because of the reduction in 99Tc. It is not reduced anymore 
than this because of the contribution from gaseous 1291. The fourth model, which combines the 
"capillary barrier" with aqueous EBS transport of 1291 and 36C1, reduces the peak doses by about 
an additional factor of 10 for the entire range of the CCDF. The reason for this is evident in 
Figure 9.2-11, which shows that the peak doses due to 99Tc and 1291 are both about 10 times 
greater than the 14C peak dose. Thus, the "drips-on-waste-container" and "capillary-barrier" 
scenarios both remove the 99Tc peak dose, which halves the CCDF value, while the '291/36C1 
capillary barrier removes both 99Tc and 1291, leaving only 14C-at a dose exposure 10 times less 
than 1291. The final model, which eliminates "

4C as a contributor to peak dose at the accessible 
environment, has no releases at the accessible environment in 10,000 years.  

In contrast to the dose CCDFs, the cumulative release CCDFs almost overlay one another (Figure 
9.2-27). The reason for this is related to the 40-CFR-Part-191 release-limit factors, and can be 
seen by examining Figure 9.2-3. First of all, 99Tc, even though it has the highest Ci/yr of all 
nuclides, is unimportant on the CCDF because its Table-1 release-limit factor is 100 times the 
factor for 2291 and 14C. Secondly, 1291 is released at a 10-times lower rate than "4C, so the values 
in the normalized release CCDFs in the first four EBS transport scenarios are due almost entirely 
to 1

4C release-which remains the same in these four scenarios. [Note: Although 1291 release-rate 
is a factor of 10 lower than 14C release rate, its dose is factor of 10 higher because the ratio of 
its dose conversion factor (DCF) to its specific activity is much greater than '4C. From Table 
7.6-1, the DCF for 1291 is 35.2 (rem/yr)/(g/m3) and for 14C it is 6570 (remlyr)/(g/m 3). The specific
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activity of T2I is 1.77x10- 4 Ci/g and for 14C it is 4.46 Ci/g. Taking the ratio of DCF to specific 
activity gives the dose conversion factor in units of (rem/yr)/(Ci/m3). This conversion factor is 
1.99x10 5 (rem/yr)/(Ci/m3) for 1291 and 1.47x103 (rem/yr)/(Ci/m3) for ' 4C. This is a ratio of 135, 
which explains the reversal in the 129I/' 4C dose ratio compared to the release-rate ratio. (To get 
actual dose in rem/yr from release rate in Ci/yr also requires the volumetric fluid-flow rate in 
m3/yr.)] 

9.2.4 Fracture/Matrix Interaction in the Geosphere 

Intra-unit Fracture Connectivity 

The effect of modifying the RIP fracture/matrix interaction term (k) in the unsaturated zone is 
evaluated in this section. This term is also called the Poisson transition ratio (Golder, 1994) and 
represents the inverse of the average (and random) travel length for a particle in one of the two 
flow modes, fracture or matrix (see Section 7.4.4). Thus, it may be thought of as representing 
intra-unit fracture connectivity, i.e., average fracture length within a particular hydrogeologic unit.  
This parameter describes the rate of a Markov process that randomly transitions radionuclides 
between fracture and matrix flow modes within a RIP pathway, and results in a dispersion of the 
bimodal behavior of the fracture/matrix breakthrough curve. For all other sensitivity cases in 
Section 9.2, except those in this section, we used a value of X equal to 1/h, where h is the 
pathway length. This value of X implies that on average a particle will travel the thickness of 
the particular hydrogeologic unit before transitioning from fracture to matrix. This is a 
conservative assumption that favors flow in fractures. (The saturated-zone pathway was modeled 
with one flow mode that had the average or bulk properties of the fractures and matrix in the 
saturated zone, so X is not a parameter for saturated-zone transport.) 

For the X sensitivity analysis, the nominal case is taken to be 83 MTU/acre, with backfill, and 
high infiltration rate (0.5 - 2.0 mm/yr). As mentioned, the nominal case used X = 1/h, where h 
is the formation (hydrogeologic unit) thickness. The two sensitivity cases are for X = 1/(0.1h), 
i.e., particles only travel 10% of the formation thickness on average before switching from 
fracture to matrix within the given formation, and X = l/(100h), i.e., particles travel 100 times 
the formation thickness on average before transitioning from fracture to matrix (or, equivalently, 
if 100 particles are released into the fractures at the top of a unit, 99 of them are expected to 
remain in the fractures for the entire distance of travel through the unit). The former case [X = 
1/(0. lh)] represents short fracture lengths within a unit with disconnects between them, while the 
latter [X = l/(100h)] represents faults traversing an entire formation. One should keep in mind 
the discussion in Section 7.4.4 about the fact that even though there may be fracture flow within 
a unit, connected fractures or faults that transect multiple units are not considered. Thus, fracture 
flow from one unit is divided up into fracture and matrix flow when it reaches the next lowest 
unit, according to the value of ff•.  

The 100-realization total-peak-dose CCDFs and cumulative release CCDFs for the three cases 
are shown in Figures 9.2-28 and 9.2-29, respectively. Both peak doses and cumulative releases 
are about 10 times higher for the X = 1/(100h) case compared to the X = 1/h case, because of the 
larger amount of mass travelling through the highly connected fracture system Within each unit.  
In contrast, both peak doses and cumulative releases are very low for the X = 1/(0. 1h) case, being 
at least a factor of 103 lower than the X = 1/h case. This is to be expected, because in this X
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= 1/(0.lh) scenario, the fractures are highly disconnected and much of the nuclide mass travels 
within the slow matrix-flow regime.  

Matrix Flow (Zero Fracture Flow) 

The upper bounding case for the ? parameter is when there is only matrix flow in the unsaturated 
zone, i.e., zero fracture flow (fr = 0, see Chapter 7). When the matrix-flow-only model was 
examined for 10,000-year performance, there were zero releases at the accessible environment 
for all realizations of the stochastic variables.  

9.2.5 Most Important Model Parameters 

The objective in this section is to identify the parameters in the TSPA model that are most 
important to repository performance. This information can help focus field and laboratory 
experiments on reducing uncertainty in these parameters. Two complimentary methods are used 
to define the most important parameters. First, scatter plots of both 10,000-year cumulative 
normalized release and 10,000-year total peak dose, as a function of various stochastic 
parameters, are shown for 100 realizations. The scatter plots give a quick visual check of the 
data to easily spot linear trends (i.e., clear dependencies of the results on given parameters), in 
either normal space or log space.  

A more sophisticated analysis is stepwise linear regression, which fits the results (release or dose) 
to subsets of model parameters. From this analysis, we extract sensitivity coefficients to define 
the dependence of the results on the parameters, and then we rank the parameters according to 
their order of importance. The sensitivity coefficient used is the percent of the variance of the 
result which can be explained by, or attributed to, a particular parameter (or group of parameters).  
By "result", we mean "performance measure", such as 10,000-year total peak dose.  

Each RIP simulation was based upon approximately 260 stochastic variables. Because only 100 
realizations were run for each case, it was not possible to regress on all of these variables. Thus, 
based on expert judgement, 25 parameters were selected as potentially the most important.  
Stepwise linear regression was then used to select the five most important parameters for two 
different performance measures: 10,000-year normalized cumulative release and 10,000-year total 
peak dose. The scenario tested was 83 MTU/acre thermal load, high qinf range, with backfill, and 
climate change.  

Stepwise linear regression was performed for three transformations of the data. First, rank 
regression was tried, since it is a robust method when the underlying model is unknown or 
complex. (Rank regression is where the rank of the dependent variable is fitted with the ranks 
of the independent variables. For example, the 100 peak doses from the 100 realizations are 
assigned a rank based on their numerical value, with 1 being assigned to the lowest result and 
100 being assigned to the highest result. Then the values of each independent parameter are 
ranked 1 to 100. These ranks are then used for the regression.) Since many of the model 
dependencies are known to be multiplicative, we used the natural log of the performance 
measurement (P.M.) as the dependent variable for two additional regressions (other than the rank 
regression). These are: (1) ln(P.M.) vs. ln(x) and (2) ln(P.M.) vs. x, where x is a subset of the 
25 stochastic parameters that were expected to be the most important. For each transformation,
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the five most important independent variables were recorded in Tables 9.2-1 and 9.2-2, as well 
as the amount of the variability they explain. The regression analysis was accomplished with 
S-Plus (Statistical Sciences, 1993), an interactive statistical language developed at AT&T Bell 
Laboratories.  

One point to note is that for TSPA-1995 some of the stochastic distributions for parameters have 
been eliminated and replaced with sensitivity analyses which are conducted for only three or four 
values of the given parameter. Thus, the analysis in this section will not include such parameters 
in the importance rankings, even though they could be more important than the ranked 
parameters. An example is the fracture/matrix particle transition parameter, X.  

The regression analysis will focus on the ln(P.M.) vs. ln(x) and ln(P.M) vs. x regressions, which 
are more physically meaningful than the rank regression. The two performance measures, 
10,000-year cumulative release (Table 9.2-1) and 10,000-year total peak dose (Table 9.2-2), show 
exactly the same rankings for the top three variables for each type of regression. In particular, 
the top three variables for the ln(P.M.) vs. ln(x) regression are the matrix velocity in the CHnv 
(vmat-CHnv), the unsaturated zone Darcy flux or infiltration flux (qif), and the climate change 
modifier (UCI(1,3)); for the ln(P.M) vs. x regression they are the infiltration flux (qif), the fraction 
of fracture flow in the CHnv (ff,.-CHnv), and the climate change modifier (Uc11(1,3)). [Uaj1,3) 
= 1 + UJK0,4)/2, where UJO,4) was defined in Section 7.7.1 In general, the ln(P.M.) vs. ln(x) 
regression provides a slightly better fit than the ln(P.M) vs. x regression, as indicated by the fact 
that the top 1, 2, 3, etc. parameters explain more of the variance. For example, ranked 
parameter #2 in the ln(P.M.) vs. ln(x) regression is qca, which in combination with vmt-CHnv 
explains 68% of the variance of the 10,000-year releases, whereas, ranked parameter #2 in the 
ln(P.M) vs. x regression is ff~c-CHnv, which together with qof only explains 63% of the 
variance. Here we should note that many of the variables are collinear in either log space or 
linear space, due to the abstractions used in the geosphere (see Chapter 7). For example, ff,. is 
proportional to logi0qin,, and logl0vmat is proportional to logloqiflf. This explains why different 
variables show up using the two different transformations.  

A confirmation of the linear regression analysis for the two performance measures can be seen 
in the scatter plots in Figures 9.2-30 to 9.2-36 (for the 10,000-year release P.M.) and Figures 
9.2-37 to 9.2-43 (for the 10,000-year peak dose P.M.). These figures represent scatter plots of 
all the parameters that showed up with rank 5 or less in any of the three different regressions.  
The strongest linear trend is for the top 2 parameters, Vmat-CHnv and qinf, with a less obvious 
linear trend for ff.-CHnv. Any parameters with a ranking lower than 2 do not show an obvious 
trend. This is because their relationship is masked by collinearity in the model. However, if the 
remaining residual (i.e., the difference in the fitted value and the observed value) is plotted for 
each parameter and subset of parameters against the next lower ranked parameter, a linear trend 
is visible. For example, if the residual left after fitting ranked parameters 1 and 2 is plotted 
versus ranked parameter 3, a clear linear trend will be visible.  

The rankings of the two most important variables in Tables 9.2-1 and 9.2-2 were not unexpected.  
In TSPA-1993 (Andrews et al., 1994) it was found that the UZ infiltration flux (qif) had a very 
strong influence on doses and releases over 10,000 years. This is again true in TSPA-1995. In 
particular, the peak concentrations of the radionuclides never reach the accessible environment 
during 10,000 years and variability in qinf simply translates to a shifting in time of the initial
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portion of the breakthrough curve. However, since this is the steeply rising portion of the 
breakthrough curve(s) regardless of the value of qif (for qif = 0.5-2.0 mm/yr), there is a very 
strong dependence on qi~f. The strong dependence on either v. -CHnv or ff•-CHnv is also not 

unexpected because the CHnv is the formation with the highest value of saturated matrix 
conductivity, K., and therefore the lowest value of ffr Therefore, it tends to control connected 
fracture flow throughout the mountain, as noted in the Calico Hills System Study (M&O, 1995d); 
and without fracture flow, no releases can reach the accessible environment in 10,000 years.  

9.2.6 Summary of 10,000-year Performance 

The following are general conclusions concerning 10,000-year repository performance, based on 
the sensitivity analyses in Section 9.2: 

(1) 10,000-year total peak dose, due mainly to 99Tc and 1291, is most sensitive to the following 
model parameters: matrix velocity in the CHnv and percolation flux in the unsaturated zone; 

(2) Over 10,000 years there are zero releases to the accessible environment for the following 
cases: (i) low infiltration range (0.01 - 0.05 mm/yr), (ii) cathodic protection of the waste
package, (iii) Buscheck et al. 80 MTU/acre thermal load with and without backfill and 
24 MTU/acre thermal load with backfill, and (iv) matrix-flow-only (zero fracture flow) in the 
unsaturated zone; 

(3) Depending on the conceptual model of intra-unit fracture connectivity, fracture/matrix 
interaction can significantly affect peak dose and cumulative release; 

(4) Depending on the conceptual model for radionuclide transport across the EBS (viz., if 1291 
and 36CI are assumed to be in the aqueous phase and/or 14C is supposed not to contribute to peak 
dose since it is dispersed in the atmosphere), a "capillary barrier" that prevents drips (i.e., 
advective flow) from contacting the waste packages can reduce 10,000-year peak doses at the 
accessible environment by at least a factor of 20 or more (and up to many orders-of-magnitude 
if only diffusive releases are possible through the EBS).  

9.3 1,000,000-YEAR REPOSITORY PERFORMANCE 

In their recent report to Congress, the National Research Council (1995) has concluded that 
"...there is no scientific basis for limiting the time period of the individual-risk standard to 10,000 
years... (and) that compliance assessment be conducted for the time when the greatest risk occurs, 
within the limits imposed by long-term predictability of both the geologic environment and the 
distribution of local and global populations." Based on geologic considerations, they also state 
that "the ultimate restriction on time scale ... is on the order of 1,000,000 years at Yucca 
Mountain." For these reasons, we have conducted performance assessments of dose and peak 
dose over a 1,000,000-year time frame, which are presented in this section as a number of 
sensitivity cases (see Section 9.1) that examine the effect of various system parameters and 
various repository designs.
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9.3.1 Aitegnative Thermal Loads, Thermohydrologic Models, and Infiltration Scenarios 

The effect of alternative thermal loads (25 MTU/acre vs. 83 MTU/acre) and alternative 
thermohydrologic conceptual models (Lingineni et al. vs. Buscheck et al.) are presented in this 
section. Chapter 4 discusses the differences between the two thermohydrologic 
conceptualizations. They are also discussed in Section 9.2.1 regarding their incorporation into 
the RIP TSPA simulations.  

Peak Dose at Accessible Environment 

The expected-value dose histories (for the radionuclides with the highest doses) for the two 
different thermal loads, using the Lingineni et al. thermohydrologic model, are presented in 
Figures 9.3-1 to 9.3-4. The "part a" figures are for 1,000,000 years, and the "part b" figures are 
a blow-up of the "part a" figures over 100,000 years. These four figures are for the high 
infiltration case (qh.f = 0.5 -2.0 mm/yr). 237Np and 229Th at late times, and "Tc and 1291 at early 
times, produce the highest dose exposure at the accessible environment for both the 83 MTU/acre 
case and the 25 MTU/acre case. For identical backfill, infiltration, and climate conditions, the 
83 MTU/acre cases results in slightly higher dose exposure than the 25 MTU cases at times 
beyond 80,000 years for the highest-releasing sorbing radionuclides, 237Np, 229Th, and 233U. At 
times earlier than 80,000 years, these retarded ions (237Np, 229Th, and 233U) have generally lower 
doses for the 83 MTU/acre case compared to the 25 MTU/acre case. However, the time before 
80,000 years can be considered just an inconsequential "leading edge" of the breakthrough curve, 
and when the main peak of radionuclides comes out (beginning at about 200,000 years), the 
higher thermal load gives slightly higher doses.  

The 25 MTU/acre case is affected more by climate change than the 83 MTU/acre case, with the 
100,000-year periodic variation of qf clearly visible for 237Np, 229Th, and 233U. The apparent 
reason for these differences can be found in Table 8.3-3, which shows the waste-package failure 
history for the various cases. For the 83 MTU/acre thermal load, most of the packages fail very 
early during the 1,000,000-year time span, whereas for the 25 MTU/acre thermal load, the 
failures are much more spread out in time. For sorbing nuclides, this allows the climate effect 
(due to cyclical variations in the drip rate) to be visible for the low thermal load, but not for the 
high thermal load (where the nuclides come out essentially as a pulse). Although the cyclic 
peaks on the 25 MTU/acre 237Np curve are approximately the same magnitude as the values of 
the 83 MTU/acre 237Np curve at the corresponding times, the average of the 25 MTU/acre 237Np 
curve (or the integral) is slightly lower. The explanation for the lower average 237Np dose for 
25 MTU/acre is the higher temperature history for the 83 MTU/acre case, as discussed below.  

For the unretarded nuclides, 99Tc and 129I, the situation is similar, namely, the 83 MTU/acre case 
yields higher peak doses when the peak of the breakthrough curve reaches the accessible 
environment. At this time (- 100,000 years), the higher thermal load gives approximately 3 
times higher 99Tc and 1291 peaks than the 25 MTU/acre case. Overall, the total dose (summation 
of all the nuclides, sorbing and nonsorbing) is greater for the high thermal load case at most 
times, as illustrated by Figure 9.3-5.  

The difference in peak doses for 9Tc and "291 at early times for the two different thermal loads 
is caused by differences in waste package degradation. Both of these nuclides are parent nuclides
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(part of the- original inventory) that are released directly from the waste package and are 
dissolution rate-limited. In particular, as fast as the waste-form can produce them (by 
dissolution), these two ions are transported immediately across the EBS. For 99Tc this is a result 
of rapid release due to advective (dripping) flow, while for "291 it is a result of rapid release by 
gaseous transport through the EBS. The 83 MTU/acre case has about 3 times the number of 
failed packages (first pit breakthrough) at any given time compared to the 25 MTU/acre case, 
primarily because of the different temperature history (see Chapter 6). The higher temperature 
history in the 83 MTU/acre case also results in a higher dissolution rate for the waste-form and 
a higher solubility for some of the nuclides. This combination of factors results in higher doses 
to the accessible environment for the nonretarded nuclides for the 83 MTU/acre case, and is also 
the likely cause of the higher doses for the retarded nuclides, 237Np, 229Th, and 233U.  

For. the low infiltration cases (q%,f = 0.01-0.05 mm/yr), the expected-value dose histories for the 
unretarded nuclides 291, 9Tc, and 36C1 are about 2-3 times greater for the 83 MTU/acre case than 
for the 25 MTU/acre case (Figures 9.3-6 to 9.3-9). As with the high infiltration scenario, this 
difference can be attributed to differences in waste package degradation. On the other hand, for 
the sorbing nuclides 237Np, 2 29Th, and 233U, the expected-value dose history for the 83 MTU/acre 
case is lower than for the 25 MTU/acre case. The reason for this is unclear, but is likely related 
to the differences in the waste-package-failure histories for the two thermal loads (see Table 
8.3-3). Regardless, for both thermal loads, these sorbing nuclides are released at such low 
concentrations (maximum of 0.01 mrem/yr for the 25 MTU/acre case) that they are of little 
interest.  

One interesting comparison is to examine the differences between the high and low infiltration 
scenarios, i.e., Figures 9.3-1 to 9.3-4 vs. Figures 9.3-6 to 9.3-9. Direct comparisons for the 
83 MTU/acre case with backfill are shown in Figures 9.3-10, 9.3-11, and 9.3-12. First of all, the 
long-lived, sorbing nuclides, such as 237Np and 229Th, do not have significant releases for low UZ 
infiltration fluxes over the 1,000,000-year time frame. Second, the periods of highest releases 
(and doses) for nonsorbing nuclides, such as 1291 and 99Tc, are spread out over a much broader 
time interval for the low-qif case compared to the high-qif case, and have a much lower peak.  
For example, consider 99Tc, the highest-dose nonsorbing nuclide that both travels through the 
geosphere in the aqueous phase and is released from the WP/EBS in the aqueous phase. The.  
primary portion of its breakthrough curve in the high-qif case (Figures 9.3-3a and 9.3-10) is 
much narrower (spanning only about 100,000 years), and has a much higher peak (about 
20 mrem/yr), than for the low-qnf case (Figures 9.3-8 and 9.3-10), where it reaches an 
approximate peak of only about 0.1 mrem/yr or less over a broad time frame of about 600,000 
years. Doses this low (0.1 mrem/yr) are expected to be well within any regulatory bounds that 
may be set for a high-level nuclear waste repository. The other nonsorbing nuclide of interest, 
1291, travels through the geosphere in the aqueous phase, but is released from the WP/EBS in the 
gas phase. Similarly to 99Tc, it sustains doses near the peak dose for much longer time in the 
low-qinf case compared to the high-q1 ,f case (Figure 9.3-11), but its peak is not reduced as much 
as 9Tc. Specifically, it has a peak dose exposure of about 2 mrem/yr for the low-qi~f case 
compared to 20 mren/yr for the high-qoh,f case. This is a reduction by a factor of 10, compared 
to a reduction of a factor of 200 for 99Tc. As discussed below, the reason 1291 is reduced much 
less than 99Tc is related to dripping water in the drift and to the longer half-life of 1291 compared 
to 99Tc.

9-15



The cause of higher, narrower dose histories in the high-qJhf scenario (i.e., doses not sustained at 
peak levels for a very long time), compared to the broad, low dose histories in the low-qif 
scenario (i.e., doses sustained near peak levels for a long time), is due to the interaction of the 
mass source term with the UZ flux, %.f. The best way to explain this is to look at the release 
of 29I, which has a long half-life and is unaffected by dripping fractures on the waste packages, 
i.e., since 1291 crosses the EBS in the gas phase, the 1291 release into the geosphere is only a 
function of the dissolution rate and not a function of the number of packages with dripping flow.  
Thus, the total release of '291 from the waste packages is almost the same for the low and high 
infiltration cases. The slight differences in waste-package releases between high and low 
infiltration (see Figure 8.3-10) are due to slightly different waste-package degradation histories 
caused by somewhat different temperature and relative-humidity histories derived from the 
thermohydrologic analyses (Chapter 4). (Once the 1291 passes across the EBS, it is assumed to 
dissolve from the gas phase into the aqueous phase.) 

In the high-infiltration case, fluid flow in the unsaturated zone is able to transport 1291 mass about 
as rapidly as it comes out of the waste packages. However, in the low-infiltration case, the fluid 
cannot transport mass rapidly enough and it begins to accumulate at the beginning of the first 
pathway, i.e., at the top of the TSw unit. This results in a longer, slower release that is spread 
out in time compared to the high-infiltration case. For aqueous-phase, high-solubility nuclides 
like 99Tc, the same phenomenon occurs but, in addition, the low-infiltration 99Tc total releases and 
peak doses are reduced much more than `291 or 36C1 because the fraction of packages with drips 
is much lower for the low-q1 nf case than the high-qinf case (Figures 7.3-7 and 7.3-8). (It is 
primarily the number of packages with drips rather than the dripping flow rate, Qdp, that is the 
cause of the reduction in release because, as shown by Figure 7.3.10, the dripping flow rate for 
both the high-qonf case and the low-qif case is high enough to transport nearly all of the high
solubility radionuclide mass out of the waste packages. For qtnf equal to 1.25 mm/yr, Qd.p equals 
0.03 m3/yr, and for qif equal to 0.03 mm/yr, Qdfp equals 1.23 x 10' m3/yr-see Figures 7.3-5 
and 7.3-6-where Qdp is discussed in Chapter 7 and is the volumetric flow rate per package, 
equal to the catchment area times qdip') In comparing 99Tc and 1291 doses for the two infiltration 
ranges, there is also a greater reduction of 99Tc because of its shorter half-life compared to 1291.  

As discussed in the RIP Theory Manual (Golder, 1994), it would be more physically realistic if 
mass flow through the pathways influenced the mass transfer out of the waste packages.  
However, they are decoupled in RIP Version 3.21c. Thus, for the low-qif case, the rate of mass 
transfer out of the packages is overestimated. "Nevertheless, accumulating mass at the beginning 
of the first pathway (as opposed to at the waste package itself) produces similar results in terms 
of mass transport through the entire system." (Golder, 1994.) 

The expected-value for low qif equals 0.03 mm/yr, while the expected value for high qinf equals 
1.25 mm/yr. This qinf ratio of 40 seems to appear in the first arrival of 237Np, which first reaches 
the accessible environment at about 15,000 years in the high-q•,f case (Figure 9.3-3b) and at about 
550,000 years in the low-uinf case (Figure 9.3-8)-a ratio of 36. The fact that these two ratios 
are nearly identical is rather fortuitous because the first arrival is not a strict linear function of 
qinf but is related to the amount of fracture flow determined through process-level modeling 
abstractions. The arrival-time ratio for the nonsorbing nuclide 1291 appears to be about 10.  
Numerical dispersion in RIP can also mask exact travel times that would be computed with a 
process-level model. One thing to be noted here is the effect of timestep size, At, in RIP. For
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example, if we compare Figures 9.2-11 (At = 100 yr) and 9.3-3b (At = 1000 yr), we see that the 
first arrivals occur earlier for At = 100 yr, which is the more accurate prediction. For example, 
the first breakthrough of 1291 for At = 100 yr is at 6100 years, whereas, it is at 12,000 years for 
At = 1000 yr.  

100-realization CCDFs of the 1,000,000-year total peak dose for the alternative thermal load 
cases are presented in Figures 9.3-13 to 9.3-15. Figure 9.3-13 shows the 83 MTU/acre case, with 
and without backfill, at the high and low infiltration ranges, while Figure 9.3-14 shows the 
25 MTU/acre case, with and without backfill, at the high and low infiltration ranges. These two 
figures demonstrate that backfill (as included in the Lingineni et al. process-level, 
thermohydrologic model and the resulting near-field temperature, relative humidity, and water 
saturation histories) has little effect on the results. These figures also illustrate that if the low-q-nf 
scenario is operable over the 1,000,000 years postclosure, then the corresponding peak doses will 
be about 250 times less than the high-qh, scenario for the 83 MTU/acre thermal load and about 
500 times less for the 25 MTU/acre thermal load. The much higher doses over the high-qinf 
range points to the importance of defining and perhaps controlling advective flux through the 
repository. This issue is discussed in Section 9.3.3, which analyzes the effect of various models 
of radionuclide transport in the EBS. As a last comparison, Figure 9.3-15 compares the two 
thermal loading scenarios for the case with backfill, for high and low qnf. For both infiltration 
ranges there is little difference between the thermal loading scenarios, with the high thermal load 
yielding at most only about twice the peak dose.  

One final difference to notice is that the total-peak-dose CCDFs for the high-qohf case are 
primarily a result of the 237Np peak, whereas for low qinf, they are primarily due to 1291. This was 
illustrated by the expected-value dose histories in Figures 9.3-1 and 9.3-6.  

Release at Accessible Environment 

Figure 9.3-16 shows normalized cumulative release CCDFs at the accessible environment for the 
different thermal loading scenarios with backfill, at low and high qinf. It may be compared to the 
corresponding peak dose CCDFs in Figure 9.3-15. In contrast to the peak dose CCDFs, which 
have a rather large coefficient of variation (C.V. = S.D.[x]/E[x]) arising from the distribution of 
saturated-zone fluid flux and its effect on dilution (see Chapter 7), the cumulative release CCDFs 
have a C.V. nearly equal to 0 because they are unaffected by dilution or almost any other 
parameter over the long time frame of 1,000,000 years. For both infiltration ranges, the 
83 MTU/acre thermal load results in normalized cumulative releases about 1.5 times higher than 
the 25 MTU/acre load. This behavior is substantiated by the expected-value release histories for 
high qif (Figures 9.3-17 and 9.3-18) and for low qinf (Figures 9.3-19 and 9.3-20). One interesting 
difference between the release histories and the dose histories is that although 9Tc dominates the 
release rate (but not the normalized release because of its high release-limit factor) at low %.f, 
it is 1291 that is more important for the doses (Figures 9.3-8 and 9.3-9) because of its higher dose 
conversion factor to specific activity ratio (see Section 9.2.1). Also, for the high-q1 nf scenario, 
237Np peak dose is about 30 times higher than 9Tc peak dose (Figure 9.3-3a), whereas for release 
rate the reverse is true (Figure 9.3-17): 237Np peak release rate is about 100 times lower than 
99Tc peak release rate.
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Buscheck's Thermal Hydrologic Model 

As discussed in Section 9.2.1, the only Buscheck thermohydrologic model that showed releases 
and doses to the geosphere over 10,000 years was the 24 MTU/acre without backfill. However, 
over 1,000,000 years, all of the Buscheck cases mentioned in Section 9.2.1 have significant 
releases to the accessible environment.  

Figures 9.3-21 to 9.3-24 show the 1,000,000-year expected-value dose histories for high 
infiltration (1.25 mm/yr) for the two Buscheck thermal loads (80 and 24 MTU/acre) with and 
without backfill, and Figures 9.3-25 to 9.3-28 show the 1,000,000-year expected-value dose 
histories for low infiltration (0.03 mm/yr) for the two thermal loads (80 and 24 MTU/acre) with 
and without backfill. These various cases may be compared to the previously presented 
Lingineni cases (Figures 9.3-1 to 9.3-4 and 9.3-6 to 9.3-9). Although Buscheck's process-level 
thermohydrologic simulations assumed zero infiltration, while Lingineni's simulations assumed 
either qinf = 0.05 mm/yr ("low) or 0.3 mm/yr ("high"), the following analyses couple the 
Buscheck near-field results to the dripping-fracture model in RIP, and to the different infiltration 
ranges in the far-field. Of course, it would be better to have had dripping fractures in the 
process-level model simulations, but one could argue that including dripping fractures in the near
field simulations is less important that including them in the transport model for EBS releases.  
This is demonstrated by comparing total-peak-dose CCDFs in this section with those of Section 
9.3.4. This comparison will show that large changes in relative humidity and temperature in the 
near field (as evident in the Buscheck versus Lingineni thermohydrologic models-see Chapter 
4) has much less of an effect on repository performance (i.e., on peak dose at the accessible 
environment) than the radionuclide transport model in the EBS, i.e., advective transport caused 
by dripping fractures (see Section 9.3.4). Furthermore, once the temperature and saturation fields 
return to ambient conditions, both near-field models are the same, and this occurs well before 
1,000,000 years.  

Our initial comparison of peak doses from the Buscheck model versus the Lingineni model 
considers the four high-infiltration scenarios: 

(1) High thermal load (83 vs. 80 MTU/acre) . high infiltration (1.25 mm/yr), no backfill. The 
Buscheck model (Figure 9.3-21) shows later initial breakthrough times (70,000 - 90,000 years) 
for sorbing and nonsorbing nuclides compared to the breakthrough times (15,000 - 20,000) for 
the Lingineni model (Figure 9.3-1a). The Lingineni model has about 3 times higher 237Np peak 
dose and about a 10 times higher 1291 dose (see Figures 9.3-29 and 9.3-30). The 1291 peak is much 
narrower and earlier in the Lingineni model. All of these effects result from the much later and 
more spread-out package failure times for the Buscheck model (see Chapter 5), which are a result 
of lower relative humidity compared to the Lingineni model. This conclusion also applies to all 
of the comparisons discussed below.  

(2) Low thermal load (25 vs. 24 MTU/acre) , high infiltration (1.25 mm/yr). no backfill. This 
was the only Buscheck case that produced releases over 10,000 years. Thus, the 1,000,000-year 
Buscheck dose histories (Figure 9.3-22) are quite similar to the Lingineni dose histories (Figure 
9.3-2a). The 237Np peak for the Lingineni thermohydrologic model is only about 1.5 times higher 
than for the Buscheck model and the 1291 and 9Tc peaks are only about 3 times higher. Similarly 
to the Lingineni model, the low-thermal load Buscheck model shows the cyclical climate
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variation to- a greater degree than the Buscheck high thermal-loading scenario, which, as 
mentioned earlier, probably results from the more spread out (in time) waste-package failures for 
the low thermal load.  

(3) High thermal load (83 vs. 80 MTU/acre) , high infiltration (1.25 mmLvr), with backfill. This 
comparison is about the same as case (1), which had no backfill. About the only difference is 
that the Buscheck model (Figure 9.3-23) with backfill has initial breakthrough times about 50,000 
years later than Buscheck without backfill (Figure 9.3-23). The comparable Lingineni results are 
in Figure 9.3-3a.  

(4) Low thermal load (25 vs. 24 MTU/acre) , high infiltration (1.25 mm/Yr), with backfill. Here 
we compare Figure 9.3-24 for the Buscheck thermohydrologic model with Figure 9.3-4a for the 
Lingineni model. The comparison is very similar to the cases with high thermal load without 
backfill.  

For the four low infiltration scenarios, the main differences between the Lingineni et al. and 
Buscheck et al. models is that for high thermal load (83 or 80 MTU/acre), the Lingineni et al.  
model (see Figures 9.3-6 and 9.3-8 compared to 9.3-25 and 9.3-27) gives about 3 times higher 
"129I peak dose (see Figure 9.3-31), whereas for the low thermal load (see Figures 9.3-7a and 
9.3-9a compared to 9.3-26 and 9.3-28) the Lingineni et al. model only gives slightly higher "'9I 
peak dose. As with the high-qf cases, the low-qif Buscheck cases show considerably retarded 
initial breakthrough times compared to the low-qi,,f Lingineni cases, except again for the low
thermal-load/no-backfill scenario.  

Finally, Figures 9.3-32 to 9.3-35 illustrate the 100-realization, total-peak-dose CCDFs that 
compare the Buscheck and Lingineni thermohydrologic models for low and high qinf. Figures 
9.3-32 and 9.3-33 are for high thermal load, without and with backfill, respectively; and Figures 
9.3-34 and 9.3-35 are for low thermal load, without and with backfill, respectively. Two general 
conclusions can be drawn. First, the high thermal load shows a greater difference between the 
two models over the 1,000,000-year time frame, but the difference is not very significant. In 
particular, the high-thermal-load Lingineni model only gives about 2 to 3 times greater peak 
doses over the entire sampled range of stochastic variables than the Buscheck model. So, 
although the Buscheck model delayed the appearance of the peak dose at the accessible 
environment by tens- to hundreds-of-thousands of years, it did not reduce the peak very much 
over the long time span of 1,000,000 years. Second, as with the Lingineni thermohydrologic 
model, backfill makes very little difference in the total peak dose for the Buscheck 
thermohydrologic model.  

Broader Infiltration Range 

A final sensitivity analysis was conducted to merge the high (0.5-2.0 mm/yr) and low 
(0.01-0.05 mm/yr) infiltration range into one range (0.01-2.0 mm/yr) and to show the shape of 
the CCDF for 1,000,000-year total peak dose over this entire range, and more importantly, to 
determine the most important model parameters for this case (see Section 9.3.7). Over the 
broader range, we use log-uniform sampling, whereas over the separate low and high ranges we 
used uniform sampling. Without log-uniform sampling, the low infiltrations would rarely be 
sampled in a 100-realization simulation.
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Figure 9.3-3.6 shows the expected-value dose history for the broader infiltration range, for the 
83 MTU/acre loading case with backfill. If we compare Figure 9.3-36a to Figures 9.3-3a (high 
range) and 9.3-8 (low range), Figure 9.3-36a shows behavior intermediate between these two 
extremes, however, it is more similar to the low-range in the sense that the peak dose over the 
1,000,000-year time frame is due to 1291 rather than 237Np.  

The 100-realization total-peak-dose CCDF over the broader infiltration (qnf) range is shown in 
Figure 9.3-37, along with the CCDFs for the high and low qinf ranges. The curves show 
behavior similar to the expected-value dose histories, i.e., the broader-range curve is intermediate 
between the other two. From the high probability end of the broad-range CCDF (i.e., at the 
lower end of the qif range) to the low probability end of the broad-range CCDF (i.e., a the higher 
end of the qinf range) there is a transitioning from 1291 as the peak dose contributor to 237Np as the 
peak dose contributor.  

9.3.2 Alternative Waste Package Degradation Models 

As discussed in Section 9.2.4, because of the uncertainty about corrosion-initiation processes and 
corrosion rates, several alternative conceptual models have been implemented in the RIP TSPA 
model to examine their effect on releases and doses at the accessible environment. All other 
results in Section 9.3 use the corrosion-initiation model that assumes corrosion initiates when the 
relative humidity (R.H.) rises above 65%. In this section, we also look at the 1,000,000-year 
peak doses that result from other two corrosion models discussed in Section 9.2.4.  

100-realization, total-peak-dose CCDFs for 1,000,000 years are shown in Figure 9.3-38 for the 
three alternative waste-package-degradation models. The peak dose for the R.H. and R.H.&T 
corrosion-initiation models are nearly identical, when using the Lingineni thermohydrologic 
model and corresponding temperature and relative humidities for the 83 MTU/acre load without 
backfill at the high qinf range. This is similar to the 10,000-year peak doses, which were also 
nearly the same for the two models. In contrast, the effect of cathodic protection over 1,000,000 
years is quite different than for 10,000 years. Over 10,000 years, cathodic protection prevented 
any releases at the accessible environment, but over 1,000,000 years the cathodic protection 
CCDF is almost the same as the two CCDFs without cathodic protection. The expected-value 
dose histories for cathodic protection (Figure 9.3-39), show only a slight delay in the initial 
breakthrough of the various radionuclides compared to the case without cathodic protection 
(Figure 9.3-1a). However, it is enough of a delay to eliminate any releases over the initial 
10,000 years.  

9.3.3 Alternative Conceptual Models for EBS Transport 

This section compares 1,000,000-year performance for five different conceptual models of water 
movement and radionuclide transport in the repository drifts: (1) fractures dripping directly onto 
the waste-form, i.e., directly on the spent fuel and DHLW glass; (2) fractures dripping on the 
corroding metal waste containers, but not directly on the waste form; (3) no dripping fractures 
(the so-called capillary-barrier effect); (4) no dripping fractures and aqueous (rather than gaseous) 
transport of 129I and 36C1; and (5) no dripping fractures and aqueous transport of 1291 and 'C1 plus 
direct shunting of `4C to the atmosphere (i.e., '4C does not travel to the accessible environment
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in the aqueous phase, and so has no effect on dose). A detailed explanation of the five EBS
transport models was presented in Section 9.2.3.  

The 83 MTU/acre case with high infiltration, backfill, and climate change (cyclical qinf, but no 
water-table rise) was used as the nominal case for the analyses. We only consider the high 
infiltration scenario (qof = 0.5-2.0 mn/yr) because according to Figures 9.3-13 and 9.3-14, the 
total peak doses for the low infiltration scenario (qi,f = 0.01-0.05 mm/yr) are probably below any 
level of concern.  

The 1,000,000-year expected-value dose histories for the most conservative EBS-transport model 
(used in all other parts of Section 9.3), the "drips-on-waste-form" model, have previously been 
shown in Figure 9.3-3a. For the second, or "drips-on-waste-container" model, the expected-value 
dose histories are presented in Figure 9.3-40. Except for 1291, which is released through the gas 
phase, all other nuclides show a significant dose reduction at the accessible environment for the 
"drips-on-waste-container" model. The sorbing radionuclides (in particular, 237Np) are reduced 
much more than the nonsorbing aqueous-phase nuclides, such as 99Tc. For 237Np, the peak dose 
is reduced by about a factor of 25 over the 1,000,000-year time span, whereas for 99Tc the 
reduction is only about a factor of 2. However, an important change in the 1,000,000-year 
behavior for the "drips-on-waste-container" model compared to the "drips-on-waste-form" model 
is that the nonsorbing nuclides 129I and 9Tc are now the most important. dose contributors over 
the 1,000,000 years, rather than 237Np.  

Figures 9.3-3a and 9.3-40 should be compared to Figure 9.3-41, which shows the most important 
radionuclides to reach the accessible environment in the "no-drip" (capillary-barrier-effect) 
scenario. Nuclides that are transported through the EBS via the aqueous phase are unable to 
reach the accessible environment during the 1,000,000-year time frame at doses above 
10-' rem/yr, because without dripping fractures (which are intercepted by the capillary barrier), 
the only mechanism for release from the EBS is by diffusion, which has a very low transport rate 
(see Figure 9.3-43). The only nuclides able to escape the EBS are those nuclides (1291, 36C1, and 
14C) that are transported as gas-phase nuclides through the EBS. Thus, the peak dose over 
1,000,000 years for the capillary-barrier scenario is due almost entirely to 1291.  

As discussed in Section 9.2.3, because of the high reactivity of 12 gas and Cl2 gas, it seems quite 
possible that they may dissolve into the aqueous phase before they are able to traverse the entire 
EBS. Figure 9.342 shows this scenario (i.e., a capillary barrier and aqueous EBS transport of 
1291 and 36C1), and demonstrates that peak dose over the 1,000,000 years will occur at an early 
time and be strictly due to 14C dissolved in the aqueous phase. However, as also discussed in 
Section 9.2.3, it is quite likely that 14C will not dissolve in the aqueous phase after transport 
across the EBS, but will travel upward, directly to the atmosphere. This case is shown in Figure 
9.3-43, and represents the case where the releases and doses at the accessible environment (i.e., 
from a water well 5 km downgradient from the repository) result entirely from aqueous-phase 
radionuclides that were transported across the WP/EBS strictly by aqueous diffusion. The doses 
are extremely low, on the order of 10-9 rem/yr.  

Figures 9.3-44 and 9.3-45 demonstrate the low mass-transfer rate across a capillary barrier for 
aqueous-phase nuclides. These figures compare 237Np and 9Tc doses at the accessible
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environment- over 1,000,000 years for three scenarios: drips-on-waste-form, drips-on-waste
container, and capillary barrier.  

100-realization, total-peak-dose CCDFs for the five EBS transport models are presented in Figure 
9.3-46, on two different x-axis scales. (The x-axis scale in Figure 9.3-46a is the one used for all 
other CCDFs in this section, while the extended scale in Figure 9.3-46b is necessary to show the 
very low doses for the fifth EBS transport model.) As seen in the expected-value dose histories, 
the total peak dose is reduced by about a factor of about 25 for the "drips-on-waste-container" 
compared to the "drips-on-waste-form" model, because of the significant reduction in 237Np dose.  
It is not reduced much more than this for the no-drip (or capillary-barrier-effect) model because 
of the contribution from gaseous 129I. The fourth model, which combines the "capillary barrier" 
with aqueous EBS transport of 1291 and 36C1, reduces the peak doses by about an additional factor 
of about 200 for the entire range of the CCDF. The final model, which eliminates 14C as a 
contributor to peak dose at the accessible environment, leaving only diffusively transported 
aqueous-phase nuclides across the EBS, results in an additional reduction by a factor of more 
than 104 in peak dose over the million-year time frame, compared to the fourth model.  

9.3.4 Fracture/Matrix Interaction in the Geosphere 

Intra-unit Fracture Connectivity 

The fracture/matrix interaction term (k), or intra-unit fracture connectivity, has been discussed 
in detail in Sections 7.4.4 and 9.2.4. As with 10,000-year repository performance, for 1,000,000
year performance we likewise examine three possible scenarios: (1) the nominal case, X = 1/h, 
which has been used for all other plots in Section 9.3, except the sensitivity cases discussed here; 
(2) the low-connectivity case, X = 1/(0.1h), for which particles only travel 10% of the formation 
thickness on average before switching from fracture to matrix within the given formation; and 
(3) the high-connectivity case, X= 1/(100h), for which particles travel 100 times the formation 
thickness on average before transitioning from fracture to matrix (i.e., 99 particles out of 100 will 
traverse the entire formation within a given flow mode, both fracture and matrix flow modes).  

In comparing the expected-value dose histories for the X = 1/100h case (Figure 9.3-47) to the X 
= 1/h case (Figure 9.3-3), there is little difference between the doses for the nonsorbing ions 9Tc 
and 129I, although they do reach their approximate peaks at slightly earlier times for the X 
1/100h case (at about 20,000 years versus 30,000 years). For the sorbing ions, e.g., 237Np, there 
seems to be a little more of an effect, whereby at any given time up to 200,000 years, the 237Np 
peak dose is higher in the X = 1/100h case. After that, it is slightly lower, since the source term 
has been more rapidly depleted. The X = 1/0.1h case (Figure 9.348), for which matrix flow is 
much more important, shows a more dramatic effect than the X = 1/100h case, when compared 
to the 1/h case. In particular, although the peak dose over a 1,000,000-year time span is still 
about the same as the other two cases, it takes much longer to reach this peak dose, i.e., there 
is a significant delay in the breakthrough curve due to the particles spending more time within 
the slow flowing matrix water. For example, for the X = 1/0.1h case it takes about 275,000 years 
for the 237Np peak dose to rise about 100 mrem/yr, compared to 85,000 years for the X = 1/h 
case, and 53,000 years for the X= 1/100h case.
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Zero Fracture Flow and Matrix Diffusion

At one extreme of fracture/matrix interaction in the unsaturated zone is the case of zero flow in 
fractures ("matrix-flow-only"). Figure 9.3-49 shows expected-value dose histories for this matrix
flow-only case, which was the only model used in TSPA-1993 (Andrews et al., 1994). It 
indicates a further delay in initial breakthrough times for all radionuclides compared to the X = 
1/0. 1h case, but much more so for the sorbing nuclides than the nonsorbing nuclides. Also, for 
this case 237Np peak dose does not reach the 100 mrem/yr level until 525,000 years, compared 
to 275,000 years for the X = 1/0.1h case. Furthermore, the matrix-only case shows a slight 
reduction in peak dose for 237Np, 1291 and 99Tc-by about a factor of 3 over the 1,000,000-year 
time frame-compared to the three fracture-flow scenarios discussed above. A comparison of 
the three different X scenarios to the matrix-only scenario is shown in Figure 9.3-50 for 99Tc and 
9.3-51 for 237Np 

Finally, the 100-realization total-peak-dose CCDFs for the three different values of X- compared 
to matrix-flow-only are shown in Figure 9.3-52. As already seen for the expected-value cases, 
there is little difference in the total-peak-dose CCDF during the 1,000,000-year time span 
amongst the three values of X, although the highly fractured case (X = 1/100h) does show about 
2 times the peak dose over a probability range from about 0.2 to 0.7. Also, as pointed out above, 
but which is not apparent in the CCDFs, the peak dose for the X = 1/0.1h case occurs much later 
in time than the other two cases.  

Matrix diffusion refers to the diffusion of solutes from fluid-filled fractures into the surrounding 
rock matrix because of the concentration gradient that exists between the fracture and matrix 
when high concentrations of nuclides are rapidly transported through fractures. This phenomenon 
manifests as a retardation of the travel time of the diffusing solutes compared to the case of 
nondiffusing solutes (e.g., impenetrable fracture coatings). In the extreme case of equilibrium 
matrix diffusion (Golder, 1993), the solutes in fractures would travel at the same velocity as 
solutes in the matrix, and the effect would be the same as having matrix-flow-only, i.e., zero 
fracture flow. Thus, although we have not modeled matrix diffusion, per se, in TSPA-1995, 
Figures 9.3-49 and 9.3-52 show its maximum effect on the model.  

9.3.5 Climate Change 

The effect of climate change was evaluated by comparing a case with no climate change to two 
possible climate-change models. The first climate-change scenario involved a change in 
infiltration rate only. The periodic time-variation in qinf for this model has been described in 
detail in Section 7.7, and is based on a 100,000-year cycle. The second climate-change scenario 
included both the infiltration-rate modifier and a rising and falling water table. The effect of the 
changing water-table height was to shorten the path length from the repository to the water table 
during the rising water table, and to gradually return the path length to its original length during 
the falling water-table condition (i.e., during the second half of the climate-change cycle). The 
periods of infiltration-rate increase and water-table rise are assumed to be synchronous, when in 
reality one might expect some delay in the water-table rise.  

To demonstrate the effect of climate change, the 83 MTU/acre case with backfill and high 
infiltration is analyzed. The expected-value dose history for 1,000,000 years with no climate
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change (qif- = 1.25 mm/yr) is presented in Figures 9.3-53a and b. The case with periodically 
increasing qif but no water-table rise has already been presented in Figures 9.3-3a and b, and the 
case with both periodically increasing qia and water-table rise is presented in Figures 9.3-54a and 
b. The scenario of cyclical increase in qif but no water-table rise (Figure 9.3-3a), when 
compared to the no climate-change scenario (Figure 9.3-53a), results in a slightly increased peak 
dose from 129I and 99Tc and slightly narrows the shape of their history curves because of the 
higher transport rate away from the WP/EBS (cf. the discussion of source term vs. flow rate in 
Section 9.3.1). The tail of the "Tc dose history curve in the cyclical-q•,f scenario also has a 
cyclical nature in response to the increasing and decreasing infiltration. The sorbing ions, 237Np, 229Th, and 233U, also reach an earlier, higher, peak dose for the cyclical-qi~f scenario than for the 
no climate-change scenario, which results in a slightly decreased peak dose at late times 
compared to the no climate-change scenario. Again, this indicates that the source term for the 
cyclical-qinf scenario may be more depleted by the increases in infiltration which occur every 
50,000 years. In contrast to the nonsorbing nuclide, 99Tc, the dose histories of the sorbing 
nuclides do not exhibit cyclical release for the 83 MTU/acre case, although as pointed in Section 
9.3.1, they do have a cyclical nature for low thermal load. The difference is related to the 
different waste-package-degradation histories for the two thermal loads.  

A cyclical water-table-rise plus cyclical-qif, scenario (Figure 9.3-54) results in quite jagged dose 
peaks compared to the changing-qi,-only scenario, especially for the sorbing nuclides. The 
100,000-year period of the peaks corresponds to the 100,000-year period for the maximum 
increase in qif and simultaneous maximum rise in the water table. Due to the pathway length 
shortening which occurs during the period of increasing infiltration (i.e., first 50,000 years of the 
climate cycle), there is a rapid discharge of mass from the PPn into the saturated zone which is 
quickly transported to the accessible environment. This leads to the positive spike in the dose 
history curve. As the infiltration decreases, water-table level drops and pathway length increases, 
and the amount of mass being discharged to the saturated zone is decreased, leading to a negative 
spike in the dose history-below the level of the infiltration-change-only scenario.  

A comparison of the three different climate scenarios for 99Tc and 237Np is shown in Figures 
9.3-55 and 9.3-56, respectively, for the expected-value high-infiltration case. As discussed above, 
for 9Tc the higher the infiltration rate is, the narrower and higher the history curve is, so the 
climate change with water table rise produces the highest peaks with the bulk of the "Tc coming 
out of the system slightly earlier than for the other two scenarios. For 237Np, the effect is similar 
but is just spread out over a much longer time frame.  

For the low-infiltration case, expected-value dose histories at 1,000,000 years are presented for 
the three cases in Figures 9.3-57, 9.3-6, and 9.3-58. We again used the 83 MTU/acre thermal 
load, but this time without backfill. The results are similar to the high-infiltration cases 
previously presented. The peak dose is higher and arrives earlier for the two climate-change 
cases. The dose curve is again quite jagged for the case which includes water table change. The 
decrease at late times for the two climate-change scenarios is again more pronounced than for 
the no climate-change scenario because of the depletion of the source term. A comparison of 
the three different climate-change scenarios for 99Tc and 237Np at low infiltration is shown in 
Figures 9.3-59 and 9.3-60. The behavior shown on these figures is similar to the behavior in 
Figures 9.3-55a and 9.3-56a. One point of interest is that no 237Np reaches the accessible
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environment for the no climate-change scenario; however, the other two cases have such low 
237Np peak doses that they would likely be inconsequential compared to any regulatory limits.  

As a final evaluation of the effect of climate change on dose, the 100-realization, total-peak-dose 
CCDFs are presented in Figure 9.3-61 for the 83 MTU/acre case for the low and high infiltration 
cases. These figures confirm the results which were seen for the expected-value cases, for 
example, the climate-change scenario with both increasing qif and rising water table has higher 
peak doses than the other two cases.  

9.3.6 Alternative Solubility Models for Np, Pu, and Am 

In this section, results calculated using the distributions of solubility-limited aqueous radionuclide 
concentrations for Np, Pu, and Am (Section 6.3.2) are compared with results calculated using the 
temperature- and pH-dependent functions for Np, Pu, and Am solubility controls in J-13-like 
water, derived in Section 6.3.3. For both of these cases, the pH has been set to a value of 7.  
Although the derived functions incorporate pH-dependence explicitly, the near-field pH evolution 
is uncertain to the extent that adequate constraints do not exist for making a pH choice other than 
a random selection from a distribution. As such, this comparison emphasizes differences between 
using implicit temperature effects (i.e., the random selections from the elicited distribution) versus 
explicit incorporation of time-dependent thermal effects on the aqueous concentrations of Np, Pu, 
and Am in J-13-like water. (Direct comparisons are shown in Figures 6.3-21, 6.3-22, and 
6.3-23 for the derived functions for Np, Pu, and Am solubility limits, respectively, versus the 
concentration ranges of their corresponding elicited distributions.) 

100-realization, total-peak-dose CCDFs for 1,000,000 years are shown for the two solubility 
models in Figure 9.3-62. The different solubility models produce nearly identical peak doses 
(237Np) at the accessible environment over the 1,000,000-year time frame. This is not unexpected 
if we review the linear regression analysis in. Section 9.3.7, which shows very little dependency 
of the results on Np solubility, at least for the range of Np solubility in the elicited distribution 
(see Chapter 6). (The contribution to total peak dose from Am and Pu is negligible.) 

9.3.7 Most Important Model Parameters 

The objective in this section is to find the most important model parameters in the TSPA model 
over a 1,000,000-year time frame, using 1,000,000-year total peak dose as a performance 
measure. Thus, scatter plots of 1,000,000-year total peak dose versus given model parameters 
are presented to demonstrate visually any linear trends in the results. Also, three stepwise linear
regression analyses are performed, as described in Section 9.2.5. These analyses determine the 
percent of variability of the results which can be explained by sets of one or more model 
parameters. In the present section we two different scenarios are analyzed: 83 MTU/acre 
thermal load, backfill, and climate change (cyclical qif only) over the high qif range and 
83 MTU/acre thermal load, backfill, and climate change (cyclical qinf only) over the low qinf 
range. Similarly to Section 9.2.5, for each type of regression the five most important independent 
parameters were recorded (Tables 9.3-1 and 9.3-2), as well as the amount of the variability they 
explain.
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For both the low-qif and high-qif scenarios, the ln(P.M.) vs. ln(x) fit is much better than the 
ln(P.M) vs. x fit. For example, for low qanf, the ln(P.M.) vs. ln(x) fit explains 89% of the 
variance using ranked parameter #1, while the ln(P.M) vs. x fit only explains 49% of the variance 
(Table 9.3-2). Also, both fits are much better for the low-qif case than the high-qinf case, e.g., 
the ln(P.M.) vs. ln(x) fit explains 97% of the variance using ranked parameters #1 and #2 for low 
qinf (Table 9.3-2), but only 85% of the variance for high qinf when using ranked parameters #1 
through #5 (Table 9.3-1).  

The most important difference between the analysis in Section 9.2.5 for 10,000-year performance 
and the analysis in this section for 1,000,000-year performance is that over the 1,000,000-year 
time frame, dilution in the saturated zone (i.e., qsz).is the most important parameter, whereas over 
the 10,000-year time span a UZ parameter (vt-CHnv) was the most important. An explanation 
of this difference is that the breakthrough of the dose peak has generally occurred within the 
1,000,000-year time period (i.e., the engineered and natural barriers are not predicted to isolate 
the bulk of the waste from the accessible environment over that time period), so that the only 
model parameter of importance is how much the waste mass has been diluted (or how much it 
has decayed); whereas, for 10,000 years only the leading edge of the breakthrough curve has 
arrived at the accessible environment, so a change in an important UZ parameter can significantly 
shift this steeply rising portion of the breakthrough curve (see Section 9.2.5).  

Over 1,000,000 years for the low-qif scenario, qsz is the overwhelming parameter of importance, 
explaining 89% of the variance by itself (in the ln(P.M.) vs. ln(x) regression). For the high qanf 
scenario, qsz is also the most important , but explains only about 48% of the variability (in the 
ln(P.M.) vs. ln(x) regression). qsz explains more of the variance in the low-qinf case because of 
its greater effect on dilution at low values of the UZ flux. The strong effect of qsz is clearly 
visible on the scatter plots for both q,.f scenarios, Figures 9.3-63 and 9.3-70.  

As with 10,000-year performance, the UZ flux (qinf) also influences the results, although much 
less so in the low-qinf case, where a linear trend on the scatter plot (Figure 9.3-75) is not really 
discernible. Thus, beyond the first ranked variable (qsz), no visual linear trends are discernible 
on the scatter plots for the low-q,,f case (Figures 9.3-75 to 9.3-80). However, for the high-q,,f 
case (Figures 9.3-63 to 9.3-69), a visual linear trend is also apparent for ranked parameter #2 (qo.f 
in Figure 9.3-64). Beyond that, one would have to fit the residuals to the parameters in order 
to discern a linear trend, as described in Section 9.2.5.  

As discussed in Section 9.2.5, for TSPA-1995 some of the stochastic distributions for parameters 
have been eliminated and replaced by sensitivity analyses, which are conducted for only three 
or four values of the given parameter. Thus, the analyses in Sections 9.2.5 and 9.3.7 do not 
include such parameters in the importance rankings, even though they could be more important 
than the ranked parameters. An example of this is the fracture/matrix particle transition 
parameter, X. A more important example is qi0f, which is equivalent in TSPA-1995 to the mean 
UZ percolation flux at repository depth. In particular, qif has been separated into two ranges, 
or sensitivity cases. Within each range, we have included qinf in the stepwise linear regression, 
but its importance has been much reduced compared to if we had constructed 100-realization 
CCDFs over the entire qinf range from 0.01-2.0 mm/yr, as shown in Figure 9.3-37. Thus, qsz is 
the #1 ranked parameter. However, if stepwise linear regression is performed on the results 
represented by the middle curve in Figure 9.3-37, then qif becomes the #1 ranked parameter and
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qsz becomes-the #2 ranked parameter. This is shown in Table 9.3-3, and demonstrates the clear 
importance of defining the percolation flux in the unsaturated zone. Of course, it is actually the 
ratio of qi3 f (i.e., quz) to qsz that determines dilution in the saturated zone, so this again points 
out that over the 1,000,000-year time frame, it is primarily dilution that controls peak dose at the 
accessible environment.  

9.3.8 Summary of 1,000,000-year Performance 

The following general conclusions can be drawn about 1,000,000-year repository performance 
from the sensitivity analyses in Section 9.3: 

(1) 1,000,000-year total peak dose, due mainly to "29I over the low infiltration range (41ff = 0.01 
- 0.05 mmlyr) and to 237Np over the high infiltration range (%..f = 0.5 - 2.0 mm/yr), is most 
sensitive to the following model parameters: (i) dilution in the saturated zone (or equivalently, 
the saturated-zone bulk Darcy flux, qsz), and (ii) percolation flux in the unsaturated zone (where 
the mean UZ percolation flux equals the infiltration flux, qinf); 

(2) 1,000,000-year total peak dose may be greatly reduced by a barrier that intercepts dripping 
water on the waste packages (the capillary-barrier effect), i.e., diffusion-only (no advection) 
through the WP/EBS produce extremely low doses at the accessible environment; 

(3) Low intra-unit fracture connectivity in the unsaturated zone (i.e., high Poisson transition rate 
in the RIP model) can delay peak doses significantly, but can only slightly reduce the peak dose 
that occurs during the 1,000,000-year time frame after repository closure (a similar conclusion 
applies to matrix diffusion); 

(4) Alternative thermal loads, alternative thermohydrologic models for the near-field, and 
alternative corrosion-initiation models (including cathodic protection) do not have a very large 
effect on the peak dose that occurs during the 1,000,000-year time span (a factor of three is about 
the largest effect); 

(5) Over 1,000,000 years, climate change with water table rise can increase peak dose at the 
accessible environment by a factor of about 2 to 10 compared to no change in climate; climate 
change without water table rise (varying infiltration rate only) falls in between these two 
extremes.  

9.4 SUBSYSTEM PERFORMANCE 

Another important aspect of the TSPA analysis is to determine the ability of various parts of the 
system, both engineered and natural, to contain or retard the transport of the waste. To evaluate 
the containment capability of these various subsystems, cumulative (but not normalized) 
expected-value releases were calculated for a particular case (83 MTU/acre, with backfill, "high" 
qinf = 1.25 mm/yr initially, and cyclical qinf due to climate change) at various times (10,000, 
100,000, and 1,000,000 years) at the following locations: 

1. From the engineered barrier system (EBS), 
2. From the base of the repository-level formation (TSw),
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3. From the. base of the unsaturated zone (PPn), and 
4. At the accessible environment (AE).  

Results are presented in Table 9.4-1 and in Figures 9.4-1 to 9.4-5 for total release, 99Tc release, 

1291 release, 237Np release, and 229Th release (assuming radionuclide decay throughout the 

simulations). Generally, the saturated zone does not act as a significant containment barrier as 
evidenced by the releases at the base of the unsaturated zone and at the accessible environment 
being nearly identical. For the total release (Figure 9.4-1), the TSw barrier provides nearly an 
order-of-magnitude reduction in the radioactivity released from the EBS at 106 years. An 
additional 7 times decrease in radioactivity released at 106 years is provided by the combination 
of the other natural barriers (TSv, CHnv, and CHnz).  

For the cumulative release of the nonsorbing nuclides 99Tc and 1291 (Figures 9.4-2 and 9.4-3), the 
containment provided by the various subsystems, and combinations thereof, is about the same at 
times greater than approximately 100,000 years. This is because the nonsorbing nuclides have 
a relatively rapid travel time, so most of their mass has already passed through the entire system 
(i.e., all subsystems) after 100,000 years have transpired, whereas between 10,000 and 100,000 
years much of their mass is still travelling within the UZ.  

For 237Np release (Figure 9.4-4), the individual natural barriers, and combinations thereof 
(primarily the UZ), provide additional reduction of radioactivity compared to the EBS, up to and 
slightly beyond 1,000,000 years. This is supported by Figure 9.3-17, which shows that there is 
still a significant amount of 237Np in the system at 1,000,000 years. 229Th releases (Figure 9.4-5) 
provide a look at the impact of radioactive in-growth of a sorbing species, where the number of 
curies released from the EBS is actually less than the release at the other three locations (TSw, 
PPn, and AE) after 1,000,000 years because there is a source of 229Th production within the 
unsaturated zone (i.e., decay of 237Np). This is proven by Figure 9.4-6, which is the same as 
Figure 9.4-5, except with decay turned off. In this no-decay case, each of the successive barriers 
acts to reduce 229Th releases further.
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Table 9.2-1 - Regression statistics for 10,000-year normalized cumulative release, 83 
MTU/acre, high-qinfrange (0.5-2.0 nun/year), with backfill and climate change 
(no water-table rise)

rank (P.M.) 'vs. rank (x) In (P.M.) vs. x In (P.M.) vs. In (x) 

Parameter Rank % of Rank % of Rank % of 
Importance variance Importance variance Importance variance 

explained 2 explained _ _ explained 2 

Udi(1, 3 ) 4 87 3 68 3 72 

Np Kd (TSw, P)_n) 

Np Kd (SZ) 

Np Kd (TSv, CHnv) 5 70 5 76 

Np K. (CHnz) 

OCHnZ_ _ _ _ _ _ _ _ __ _ _ 

qsz 3 84 4 69 4 75 

Sol Np 

Sol Tc 

Sol Th 

qd-p 

f,. CHnv 2 80 2 63 

v. CHnv 1 60 1 50 

ff CHnz 5 89 

v. CHnz 

Ct.,f (UZ) 1 45 2 68 

A. (DHLW) 

ff TSv 

v% TSv 

ff., TSw 

v. TSw 

P.M. = performance measure 
2 % of variance explained by parameters ranked less than or equal to the given parameter, e.g., for parameter 

with rank 3, the % variance listed is for parameters ranked 1, 2, and 3.  
3 fraction of waste packages with drips
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Table 9.2-2 - Regression statistics for 10,000-year total peak dose, 83 MTU/acre, high-qif 
range (0.5 -2.0 mm/year), with backfill and climate change (no water-table rise) 

rank (P.M.) 'vs. rank (x) In (P.M.) vs. x In (P.M.) vs. In (x) 

Parameter Rank % of Rank % of Rank % of 
Importance variance Importance variance Importance variance 

explainedexplained 2 explained 2 

Ud1(1, 3 ) 3 81 3 67 3 71 

Np Kd (TSw, PPn) 

Np Kd (SZ) 

NpK.K (TSv, CHnv) 4 72 

Np K, (CHnz) 

Ors. _ _ _ _ _ _ Olrs, 

*CHW,_ _ __ _ _ 

qsz 

Sol Np 

Sol Tc 

Sol Th 

WP f 3 

qdw 

ff, CHnv 2 78 2 62 

vs. CHnv 1 58 1 48 

ff. CHnz 4 84 4 69 

v. CHnz 

q,,l (UZ) 1 45 2 67 

A, (DHLW) 

ff TSv 5 71 

v,. TSv 5 87 

ff TSw 5 73 

v., TSw 

P.M. = performance measure 

2 % of variance explained by parameters ranked less than or equal to the given parameter, e.g., for parameter 

with rank 3, the % variance listed is for parameters ranked 1, 2, and 3.  
3 fraction of waste packages with drips
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Table 9.3-1.. Regression statistics for 1,000,000-year total peak dose, 83 MTU/acre, high-qif 
range (0.5 - 2.0 mm/yr), with backfill and climate change (no water-table rise) 

rank (P.M.) 1vs. rank (x) In (P.M.) vs. x In (P.M.) vs. in (x) 

Parameter Rank % of, Rank % of Rank % of 

Importance variance Importance variance Importance variance 
___ explained • explained 2 explained 2 

Ui(1, 3 ) 4 82 3 53 4 81 

Np Kd (TSw, PPn) 

Np Kd (SZ) 

Np Kd (TSv, CHnv) 

Np Kd (CHnz) 

ýrsw 

qsz 1 55 1 23 1 48 

Sol Np 

Sol Tc 

Sol Th 

WP f-P 3 

qd.p 

f.. CHnv 

v..t CHnv 

ff. CHnz 

v. CHnz 

qf (UZ) 2 70 2 45 2 65 

A,,,, (DHLW) 

ff TSv 5 84 5 62 

v.. TSv 5 85 

ff. TSw 3 75 

v. TSw 3 78 4 60 

P.M. = performance measure 
2 % of variance explained by parameters ranked less than or equal to the given parameter, e.g., for parameter 

with rank 3, the % variance listed is for parameters ranked 1, 2, and 3.  
3 fraction of waste packages with drips
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Table 9.3-2 Regression statistics for 1,000,000-year total peak dose, 83 MTU/acre, low-qif 
range (0.01 -0.05 mm/yr), with backfill and climate change (no water-table rise) 

rank (P.M.) 'vs. rank (x) In (P.M.) vs. x In (P.M.) vs. In (x) 

Parameter Rank % of Rank % of Rank % of 
Importance variance Importance variance hnportance variance 

explained 2 explained 2 explained 2 

Uai(1,3) 3 57 

Np Kd (TSw, PPn) 

Np Kd (SZ) 

Np Kd (TSv, CHnv) 4 60 

Np Kd (CHnz) 

*CH..v 

qsz 89 1 49 89 

Sol Np 

SO] Tc 

Sol Th 

WP fp 3 

f,. CHnv 

v,. CHnv 

ff. CHnz 5 62 

v.. CHnz 2 95 2 97 

ot. (UZ) 2 55 

A. (DHLW) 

f, TSv 

v. TSv 

f, TSw 

v. TSw 3 97 3 98 

P.M. = performance measure 
2 % of variance explained by parameters ranked less than or equal to the given parameter, e.g., for parameter 
with rank 3, the % variance listed is for parameters ranked 1, 2, and 3.  
3 fraction of waste packages with drips
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Table 9.3-3 - Regression statistics for 1,000,000-year total peak dose, 83 MTU/acre, entire-
qif range (0.01-2.0 mm/yr), 
rise)

with backfill and climate change (no water-table

rank (P.M.) 'vs. rank (x) In (P.M.) vs. x In (P.M.) vs. In (x) 

Parameter Rank % of Rank % of Rank % of 
Importance variance Importance variance Importance variance 

explained 2 explained I explained 2 

Udi(l,3 ) 4 86 3 78 5 88 

Np Kd (TSw, PPn) 

Np Kd (SZ) 

Np Kd (TSv, CHnv) 4 80 

Np Kd (CHnz) 

Ors. _ _ _ _ _ _ _ _ 

OCH-l 

qsz *2 81 2 75 2 74 

Sol Np 5 87 

Sol Tc 

Sol Th 

WP fp 3 83 

f•, CHnv 

v., CHnv 

f. CHnz 

v. CHnz 

qw (UZ) 1 46 1 64 1 50 

A, (DHLW) 

f, TSv 

v. TSv 

ffi TSw 5 81 

v. TSw 3 85 4 86 

P.M. = performance measure 
2 % of variance explained by parameters ranked less than or equal to the given parameter, e.g., for parameter 

with rank 3, the % variance listed is for parameters ranked 1, 2, and 3.  
3 fraction of waste packages with drips
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Table 9.4-1 - Cumulative releases from various subsystems: Expected-value releases at 
various times for 83 MTU/acre thermal load, with backfill, chf = 1.25 mm/yr, 
and climate change (no water-table rise)
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Year of RN Release from Release from Release to SZ Release to 
Release EBS TSw (Ci) AE 

(yrs) (Ci) (Ci) (Ci) 

10,000 Total 5.00x105  8.38x104  2.47x102  1.20x102 
129I 1.59X103  2.97x102  1.15 5.62x10l' 

237Np 1.52x104  1.94x10 3  4.74x10- 4  7.86x10-5 

""9Tc 3.26x10 5  6.09x10 4  2.34x102  1.14x10 2 

229Th 2.51 3.68x10'- 1.29x10- 5  3.59x10-7 

100,000 Total 2.32x106  6.94x105  3.07x105  3.07x105 

1291 1.84x10 3  1.82x103  1.72x10 3  1.72x10 3 

237Np 3.89x10 4  7.67x103  4.66x 1 02  3.89x 102 

99Tc 3.76x105  3.44x 105  3.04x105  3.03x105 

229Th 2.13x 102  3.41 x 102 4.06x 10 1.90x 10 

1,000,000 Total 1.99x107  2.54x10 6  3.75x105 3.65x105 
1291 1.84x10 3  1.84x10 3  1.84x 103  1.84x10 3 

237_Np 3.89x 104  3.23x10 4  2.60x10 4  2.58x10 4 

"9Tc 3.77x105 3.46x 105  3.17x105 3.15x105 

229Th 1.54x10 3 2.14x105 1.39x104 6.57x103
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10,000-yr Expected-Value Relase History, 83/nohiq/diiqms
100

0 2000 4000 6000 8000 10000

Time (yrs)

Figure 9.2-1 Expected-value release-rate history: 10,000 years, 83 MTU/acre, no 
backfill, high infiltration (qf = 1.25 mm/yr).

10,000-yr Expected-Value Release History, 251nothiq/cllme
100
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cc 10-5 
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c: 10-7 

10-8

0 2000 4000 6000 8000 10000

Time (yrs) 

Figure 9.2-2 Expected-value releas-rate history: 10,000 years, 25 MTU/acre, no 
backfill, high infiltration (qinf = 1.25 mm/yr).
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10,000-yr Expected-Value Releam History, 83/yes/hiqcilime
100 
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< 10-3 
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10-8
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Figure 9.2-3 Expected-value release-rate history: 10,000 years, 83 MTU/acre, backfill 
("yes"), high infiltration (qf = 1.25 mm/yr).

10,000-yr Expected-Value Release History, 25/ye/hiqildim.
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Figure 9.2-4 Expected-value release-rate history: 10,000 years, 25 MTU/acre, 
backfill ("yes"), high infiltration (qi~f = 1.25 mmnyr).
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Figure 9.2-5

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 

Normalized Cumulative Release To AE 

CCDF of Total Normalized Cumulative Release: 10,000 years, 83 
MTU/acre and 25 MTU/acre, no backfill, high infiltration range.
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1

0) 

' 0.1 

2 
CL 

0.01
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* 1 .* 1
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Figure 9.2-6

10-6 10-5 10-4 10-3 10-2 10"1 100 101 102 
Normalized Cumulative Release To AE 

CCDF of Total Normalized Cumulative Release: 10,000 years, 83 
MTU/acre and 25 MTU/acre, backfill, high infiltration range.
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1 0,000-yr Total Releases

10-6 10 -5 10-4 10-3 10-2 

Normalized Cumulative

Figure 9.2-7

10-1 100 101 102 

Release To AE

CCDF of Total Normalized Cumulative Release: 10,000 years, 83 
MTU/acre, with and without backfill, high infiltration range.

10,000-yr Total Releases

0 .1 ... ... ... ... ... ... ... ... ... ... ... ... ................. .... ..... !......  
0.1 

--.-- 25 MTU/ac, backfill 
- 25 MTU/ac, no backfill 

0.010- 1111 1 0 1 0 
10-6 10-5 10-4 10-3 10-2

10-1 100

Normalized Cumulative Release To AE

Figure 9.2-8 CCDF of Total Normalized Cumulative Release: 10,000 years, 25 
MTU/acre, with and without backfill, high infiltration range.
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10,000-yr Expected-Value Dose History, 83/no/hiq/clime
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Figure 9.2-9 Expected-value d=se history: 10,000 years, 83 MTU/acre, 
infiltration (qinf = 1.25 mm/yr).

10,000-yr Expected-Value Dose History, 25/no/hiq/clime
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Figure 9.2-10 Expected-value d=se history: 10,000 years, 25 
high infiltration (qif = 1.25 mm/yr).
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I0,000-yr Expected-Value Dos History, 83/yesthiqlclime
10-2 

10-3 

"•"10-4 

I 10-5 
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10-8

0 2000 4000 6000 

Time (yrs)

Figure 9.2-11 Expected-value dose history: 10,000 years, 83 
infiltration (qjif = 1L25 mm/yr).

8000 10000

MTU/acre, backfill ("yes"), high

10,000-yr Expected-Value Dm History, 25/yes/hiq/diffm

0 2000 4000 6000 8000 10000

Time (yrs) 

Figure 9.2-12 Expected-value dose history: 10,000 years, 25 MTU/acre, backfill ("yes"), high 
infiltration (qif = 1.25 mm/yr).
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1 0,000-yr Total Peak Dose

1

0.1

0 .0 1 . , . ..... . . . . . . ..  
10-7 106 10-5 10-4 10-3 10-2 

Peak Dose to AE (rem/yr)
10-1

Figure 9.2-13 CCDF of Total Peak Dose: 10,000 years, 83 MTU/acre and 25 
backfill, high infiltration range.

MTU/acre, no

10,000-yr Total Peak Dose

1

0.1

0.01
10-7 10.6 10.1 10-4 10-3 10-2 10-1 100 

Peak Dose to AE (rem/yr)

Figure 9.2-14 CCDF of Total Peak Dose: 10,000 years, 83 MTU/acre and 
backfill, high infiltration range.

25 MTU/acre,
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10,000-yr Total Peak Dose

10-2 10-1 100

Peak Dose to AE (rem/yr)

Figure 9.2-15 CCDF of Total Peak Dose: 10,000 years, 83 MTU/acre, with and without 
backfill, high infiltration range.

10,000-yr Total Peak Dose
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0-
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0.01
10-7 10-6 10-5 10 -4 10-3 10.2 10-1 100

Peak Dose to AE (rem/yr) .  

Figure 9.2-16 CCDF of Total Peak Dose: 10,000 years, 25 MTU/acre, with and without 
backfill, high infiltration range.
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10,000-yr Total Releases
1
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Normalized Cumulative Release To AE 

Figure 9.2-17 CCDF of Total Normalized Cumulative Release: 10,000 years, Buscheck 24 
MTU/acre and Lingineni 25 MTU/acre, no backfill, high infiltration range.  
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Peak Dose to AE (rem/yr) 

Figure 9.2-18 CCDF of Total Peak Dose: 10,000 years, Buscheck 24 MTU/acre and 
Lingineni 25 MTU/acre, no backfill, high infiltration range.
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10,000-yr Expected-Value Release History, 24/bus/no/iqclime
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C'10-1 
C) 10.m2 

< 10-3 
145 

a) 10-45 
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CEs U1) 

c 10-7 
CC
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Figure 9.2-19

6000 8000 10000

Time (yrs) 
Expected-value release-rate history: 10,000 years, Buscheck 24 MTU/acre, no 
backfill, high infiltration (qif = 1.25 mm/yr).

10,000-yr Expected-Value Dose History, 24/bus/nothiq/clime
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Figure 9.2-20 Expected-value dose history: 10,000 years, Buscheck 24 MTU/acre, no backfill, 

high infiltration (qif = 1.25 mm/yr).
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10,000-yr Total Peak Dose
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2 0

1

0.1

0.01 4 , -- d --.  
10-6 10"- 10-4 10-3 10-2 10'1 100

Peak Dose to AE (rem/yr) 
Figure 9.2-21 Effect of alternative corrosion initiation models: Relative humidity only vs.  

temperature and relative humidity. CCDF of Total Peak Dose: 10,000 years, 
83 MTU/acre, no backfill, high infiltration range.  
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Normalized Cumulative Release To AE 

Figure 9.2-22 Effect of alternative corrosion initiation models: Relative humidity only vs.  
temperature and relative humidity. CCDF of Total Normalized Cumulative 
Release: 10,000 years, 83 MTU/acre, no backfill, high infiltration range.
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1 0,000-yr Expected-Value DA= History, 83/yes/hqclinme/adv
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Figure 9.2-23

4000 6000 8000 10000 

Time (yrs)

Expected-value dose history: 10,000 years, "drips-on-waste-container".EBS 
transport model, 83 MTU/acre, backfill, high infiltration (qif = 1.25 mm/yr).

10,000-yr Expected-Value Dose History, 83/ye/hkq/dirme/noddp
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Figure 9.2-24 Expected-value dose history: 10,000 years, capillary-barrier-effect ("no drips") 
EBS transport model, 83 MTU/acre, backfill, high infiltration (q. = 1.25 
mm/yr).  
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10,000-yr Expected-Value Dmo History, 83Iye/hiq/cllme/nodrdgl1 29aq 
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Figure 9.2-25 Expected-value dose history: 10,000 years, capillary-barrier-effect ("no drips") 
EBS transport model with 1291 and 36C1 transported through EBS in the aqueous 
phase, 83 MTU/acre, backfill, high infiltration (qi,,f = 1.25 mm/yr).
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Figure 9.2-26 Comparison of EBS transport models. CCDF of Total Peak 
years, 83 MTU/acre, backfill, high infiltration range.  
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Figure 9.2-27 Comparison of EBS transport models. CCDF of Total Normalized Cumulative 
Release: 10,000 years, 83 MTU/acre, backfill, high infiltration range.  
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Figure 9.2-28 Comparison of intra-unit fracture connectivity parameter: X=1/(0.1 h) vs.  
X=-l/h vs. ý-1/(100 h), where h = pathway length in each unit. CCDF of Total 
Peak Dose: 10,000 years, 83 MTU/acre, backfill, high infiltration range.
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10,000-yr Total Releases
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Figure 9.2-29 Comparison of intra-unit fracture connectivity parameter: ?'-l/(O.l h) vs.  
ý,=l/h vs. X=I/(100 h), where h = pathway length in each unit. CCDF of Total 
Normalized Cumulative Release: 10,000 years, 83 MTU/acre, backfill, high 
infiltration range.
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Figure 9.2-30 Scatter plot of 10,000-year total normalized cumulative release versus matrix 
velocity (m/yr) in the CHnv for 83 MTU/acre, backfill, high infiltration (q,,f = 

1.25 mm/yr).
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Figure 9.2-31 Scatter plot of 10,000-year total normalized cumulative release versus UZ 
percolation flux (mm/yr) for 83 MTU/acre, backfill, high infiltration (qif = 1.25 
mm/yr).  
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Figure 9.2-32 Scatter plot of 10,000-year total normalized cumulative release versus fraction 
of fracture flow in the CHnv for 83 MTU/acre, backfill, high infiltration (qinf = 

1.25 mm/yr).
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Figure 9.2-33 Scatter plot of 10,000-year total normalized cumulative release versus climate
change modifier for 83 MTU/acre, backfill, high infiltration (qinf = 1.25 
mm/yr).
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Figure 9.2-34 Scatter plot of 10,000-year total normalized cumulative release versus 
saturated-zone Darcy velocity (m/yr) for 83 MTU/acre, backfill, high 
infiltration (qif = 1.25 mm/yr).
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Figure 9.2-35 Scatter plot of 10,000-year total normalized cumulative release versus fraction 
of fracture flow in the CHnz for 83 MTU/acre, backfill, high infiltration (qinf = 

1.25 mm/yr).  
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Figure 9.2-36 Scatter plot of 10,000-year total normalized cumulative release versus Np 
sorption coefficient in the vitric tuff for 83 MTU/acre, backfill, high infiltration 
(qmf = 1.25 mm/yr).
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Figure 9.2-37 Scatter plot of 10,000-year total peak d=s versus matrix velocity (m/yr) in the 
CHnv for 83 MTU/acre, backfill, high infiltration (qinf = 1.25 mm/yr).
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Figure 9.2-38 Scatter plot of 10,000-year total peak dm versus UZ percolation flux (mm/yr) 

for 83 MTU/acre, backfill, high infiltration (qif = 1.25 mm/yr).
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Figure 9.2-39 Scatter plot of 10,000-year total peak dose versus fraction of fracture flow in 
the CHnv for 83 MTU/acre, backfill, high infiltration (q. = 1.25 mn/yr).

9-55

S. . ............. ............................... w..............................  
........... .....- .. l.. . ......  

...... ....... . 0 ... .  

S..............  

S............ ..... . ......  

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

I ... .... a , I . . . . .

..................... I

b . . . . 6.. 0..  ... ... . ........ .................... :.................... . ...................  

S....... 04 1k....•"". . .'...... "o -. .':..... ......  

% ..................  

........................ . ........ ........  
. .... .. ... . . ........... 1 

r............................. ................  
r................° ..  

r..................... .................................  
.................. I ........ • . .•. . ..................... ...................  

.................. ..................................................... . 1 

S................. .................... .................... ...................

i s & " 1 1 | i ill l . . .



99-6 

'(JA/tu gZ I= J•u-b) uoptJl!JUi q4!iq 'l[!,j)peq 'lo'e/fLN•C8 1oJ ZUHf3 Oql 
u! tOU oinprij jo uol31uj snSJ-A Top )Iad linolit a,-000'o0 jo ,old oi•,noS I V-Z'6 aingi.

00"I[ 9L'O

ZUHO "I 

09*0 gz.o
I I I O'OL * I.-OL 

OL-OL 

6-01.  g-OL 

A-OL 
9-01L 
g-OL 
-0L 

V7-01L 
c-OL 

Z-0 L i.-O1.  
vO L 
00OL

CD 

0 

0 
CD 

35

•(z(/mtum gZ- I = "b) uopt•.wxiu! q~iq 'mII carq- 'o 4o WL Es 
.oJ jo!JlpOU agurq3-altuwilo snS.lJA N )Mod iuol max-ooo'o I jo ,old 'ORnDS Ot-Z'6 a.nnoIa

(e' 1.)"°n W01" 

O*
0o6 0"I.

L v-OL 
ovOL 
OL-OL 
6-0 L 
g-OL 

L-0 L 
9-OL 
9-0 L 

C-0 .  

Z-0 L 
-OL 

oOL

-L 
0 
0 

0D 
0 

77 

0 
C,, 
CD 

3

L ................... ••.................... ..o................... f...... q ........... ! 
L ................... .................... ::............... . . . . . .... . . .  L .. .... .... J 

...................................... ..... . . .........  

. ........ ...... . ........ ...  

................... •....... • e •..... .. . -.o... ........... i ........ ... . . ........... • 

L ................ . 9 .04 

SA. . .i . ---------.

L.......... . .....  S................... i.................... i.................... ...... . ........... j 
S... .............. i .................... a .. . . ............ ...... i............ j 

S.............. •..... . ................ .. :...... • ............ . . ..............  

. . . " ...... . ... . .. .. 0• .... .  4b W K - -- : -r 

Lf... to ............ . ........ . ..................  

L ......... . . ................... ..................

n i n
i

0C

I



100 
S .................. ...... ................................................ .  

'n 10-1 :° 
S 1 0 -2 ............._..... .. ..... ...  

10 -3 .......... ..  o 10- . ..... .... W. .... .................................  

. 10.1 0 V 

'° 10.1-9 

0.00 0.25 0.50 0.75 1.00 

ffra TSv 

Figure 9.2-42 Scatter plot of 10,000-year total peak dos versus fraction of fracture flow in 
the TSv for 83 MTU/acre, backfill, high infiltration (q, = 1.25 mnilyr).  
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Figure 9.2-43 Scatter plot of 10,000-year total peak d versus matrix velocity (m.yr) in the 

TSv for 83 MTU/acre, backfill, high infiltration (qiaf = 1.25 mmrlyr).  
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1,000,000-yr Expected-Value Dose History, 83Inoahlq/cilme
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Figure 9.3-1a Expected-value dose history: 1,000,000 years, 83 MTU/acre, no backfill, 
high infiltration (initial qif = 1.25 mm/yr), cyclical-qia climate model.

100,000-yr Expected-Value Dose History, 83/nohiqcliqfme
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Figure 9.3-lb Expected-value dose history: 100,000 years, 83 MTU/acre, no backfill, high 
infiltration (initial qif = 1.25 mm/yr), cyclical-qf climate model.
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1,000,000-yr Expected-Value Dose History, 251nohlhqcl/lme
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Figure 9.3-2a Expected-value dose history: 1,000,000 years, 25 MTU/acre, no backfill, high 
infiltration (initial qi,. = 1.25 mm/yr), cyclical-qinf climate model.

100,000-yr Expected-Value Dose History, 25/noIhiqfclime
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Figure 9.3-2b Expected-value dose history: 
high infiltration (initial qinf =

100,000 years, 25 MTU/acre, no backfill, 
1.25 mm/yr), cyclical-qinf climate model.
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1,000,000-yr Expected-Value Dose History, 83/yes/hiqclifme
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Figure 9.3-3a Expected-value dose history: 1,000,000 years, 83 MTU/acre, backfill, high 
infiltration (initial q. = 1.25 mm/yr), cyclical-qf climate model.

100,000-yr Expected-Value Dose History, 83/yes/hiq/cirne
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Figure 9.3-3b Expected-value dose history: 100,000 years, 83 MTU/acre, backfill, high 
infiltration (initial qi,f = 1.25 mm/yr), cyclical-qf climate model.

9-60

S............................. ...... . ............ ....................................................... !.:._..L .  

S.. ... .. ... ...... ... ...-•. ......... ... ... .. .... ...... .  .................. .... .  

...... 129 

J 7 ....... -. .-..... 233u .....

-� I



1,000,000-yr Expected-Value Dose History, 25/yes/hiccdime
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Figure 9.3-4a Expected-value dose history: 1,000,000 years, 25 MTU/acre, backfill, high 
infiltration (initial qif = 1.25 mm/yr), cyclical-qif climate model.  

100,000-yr Expected-Value Dose History, 25/yes/hqfdicme
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Figure 9.3-4b Expected-value dose history: 
infiltration (initial qi~f = 1.25

100,000 years, 25 MTU/acre, backfill, high 
mm/yr), cyclical-qif climate model.
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1,000,000-yr Expected-Value ]QWu Dose History
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Figure 9.3-5 Expected-value total dose history: 1,000,000 years, 83 MTU/acre versus 25 
MTU/acre, no backfill, high infiltration (initial qif = 1.25 mm/yr), cyclical-qh.f 
climate model.
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Figure 9.3-6 Expected-value dose history: 1,000,000 years, 83 MTU/acre, no backfill, low 

infiltration (initial qinf = 0.03 mm/yr), cyclical-qinf climate model.
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Figure 9.3-7a Expected-value dose history: 1,000,000 years, 25 MTU/acre, no backfill, low 
infiltration (initial qif = 0.03 mm/yr), cyclical-qif climate model.

100,000-yr Expected-Value Dose History, 25/noaloq/clime
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Figure 9.3-7b Expected-value dose history: 100,000 years, 25 MTU/acre, no backfill, low 
infiltration (initial qif0 = 0.03 mm/yr), cyclical-qi~f climate model.  
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1,000,000-yr Expected-Value Dose History, 83/yes/Ioqldirne
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Figure 9.3-8 Expected-value dose history: 1,000,000 years, 83 MTU/acre, backfill, low 
infiltration (initial qif = 0.03 mm/yr), cyclical-qif climate model.
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1,000,000-yr Expected-Value Dose History, 25Iyes/loq/cllme
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Figure 9.3-9a Expected-value dose history: 1,000,000 years, 25 MTU/acre, backfill, low 
infiltration (initial qif = 0.03 mm/yr), cyclical-qinf climate model.
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Figure 9.3-9b Expected-value dose history: 100,000 years, 25 MTU/acre, backfill, low 
infiltration (initial qi0f = 0.03 mm/yr), cyclical-qi~f climate model.
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Figure 9.3-10 Expected-value dose history for 99'Ic. 1,000,000 years, infiltration rate 
comparison: "high"- (qi~ f = 1.25 mm/yr) versus "low" (qif = 0.03 mm/yr) 
infiltration, 83 MTU/acre, backfill, cyclical-qif climate model.  
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Figure 9.3-11 Expected-value dose history for 1291. 1,000,000 years, infiltration rate 
comparison: "high" (qif = 1.25 mm/yr) versus "low" (q3,f = 0.03 mm/yr) 
infiltration, 83 MTU/acre, backfill, cyclical-qjf climate model.

9-66



I 
CO 

0 
0

100 

10-1 
10-2 

10-3 

10-4 

10-5 

10-6 

10-7 

"1 n3-8

237Np 1.000.000-yr Expected-Value Dose History

Oe+O 2e+5 4e+5 6e+5 8e+5 le+6 

Time (yrs) 

Figure 9.3-12 Expected-value dose history for 237Np. 1,000,000 years, infiltration rate 
comparison: "high" (qif = 1.25 mm/yr) versus "low" (qinf = 0.03 mm/yr) 
infiltration, 83 MTU/acre, backfill, cyclical-qi.f climate model.  
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Figure 9.3-13 CCDF of Total Peak Dose: 1,000,000 years, 83 MTU/acre, with ("yes") and 
without ("no") backfill, high and low infiltration (qif) ranges, cyclical-qi~f 
climate model.
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Figure 9.3-14 CCDF of Total Peak Dose: 1,000,000 years, 25 MTU/acre, with ("yes") and 
without ("no") backfill, high and low infiltration (qif) ranges, cyclical-qif 
climate model.  
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Figure 9.3-15 CCDF of Total Peak Dose: 1,000,000 years, 83 MTU/acre and 25 MTU/acre, 
with ("yes") backfill, high and low infiltration (qi.f) ranges, cyclical-qif climate 
model.
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1,000,000-yr Total Releases
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Figure 9.3-16 CCDF of Total Normalized Cumulative Release: 1,000,000 years, 83 MTU/acre 
and 25 MTU/acre, with ("yes") backfill, high and, low infiltration (qi,) ranges, 
cyclical-q,,f climate model.

1,000,000-yr Expected-Value Release History, 83/yes/hlq/clime
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Figure 9.3-17 Expected-value release-rate history: 1,000,000 years, 83 MTU/acre, backfill, 
high infiltration (initial qi,f = 1.25 mm/yr), cyclical-qi,f climate model.
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1,000,000-yr Expected-Value Release History, 25/yesfhiqfclime
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Figure 9.3-18 Expected-value release-rate history: 1,000,000 years, 25 MTU/acre, backfill, 
high infiltration (initial qi.f = 1.25 mm/yr), cyclical-qir climate model.
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Figure 9.3-19 Expected-value release-rate history: 1,000,000 years, 83 MTU/acre, backfill, low infiltration (initial qi.f = 0.03 mm/yr), cyclical-qi.f climate model.
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1,000,000-yr Expected-Value Release History, 25/yestloq/clime
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Figure 9.3-20 Expected-value release-rate history: 1,000,000 years, 25 MTU/acre, backfill, 
low infiltration (initial qif = 0.03 mm/yr), cyclical-qi,,f climate model.
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Figure 9.3-21 Expected-value dose history: 1,000,000 years, Buscheck 80 MTU/acre, no 
backfill, high infiltration (initial qif = 1.25 mm/yr), cyclical-qif climate model.
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1,000,000-yr Expected-Value Dose History, 24/bus/nothiq/dime
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Figure 9.3-22 Expected-value dose history: 1,000,000 years, Buscheck 24 MTU/acre, no 
backfill, high infiltration (initial q3.f = 1.25 mm/yr), cyclical-q1 ,f climate model.
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Figure 9.3-23 Expected-value dose history: 1,000,000 years, Buscheck 80 MTU/acre, backfill, 
high infiltration (initial qinf = 1.25 mm/yr), cyclical-qi,, climate model.  
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1,000,000-yr Expected-Value Dose History, 24/buslyes/hlq/clime
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Figure 9.3-24 Expected-value dose history: 1,000,000 years, Buscheck 24 MTU/acre, backfill, 
high infiltration (initial qir = 1.25 mm/yr), cyclical-qi~f climate model.  
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Figure 9.3-25 Expected-value dose history: 1,000,000 years, Buscheck 80 MTU/acre, no 
backfill, low infiltration (initial qif = 0.03 mm/yr), cyclical-q,,f climate model.
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1,000,000-yr Expected-Value Dose History, 24/bus/no/loc/clime
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Figure 9.3-26 Expected-value dose history: 1,000,000 years, Buscheck 24 MTU/acre, no 
backfill, low infiltration (initial qinf = 0.03 mm/yr), cyclical-qi.f climate model.
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Figure 9.3-27 Expected-value dose history: 1,000,000 years, Buscheck 80 MTU/acre, backfill, 
low infiltration (initial qif = 0.03 mm/yr), cyclical-qi,f climate model.
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1,000,000-yr Expected-Value Dose History, 24/bus/yestIoqfclime
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Figure 9.3-28 Expected-value dose history: 1,000,000 years, Buscheck 24 MTU/acre, backfill, 
low infiltration (initial qi0f = 0.03 mm/yr), cyclical-qif climate model.

1,000,000-yr Expected-Value Dose History, 1l21, high qw
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Expected-value dose history for 1291. 1,000,000 years, comparison of 
thermohydrologic models: Lingineni 83 MTU/acre and Buscheck 80 
MTU/acre, high infiltration rate (qi,f = 1.25 mm/yr), no backfill, cyclical-qif 
climate model.
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1,000,000-yr Expected-Value Dose History, 237 Np, high q6
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Expected-value dose history for 237Np. 1,000,000 years, comparison of 
thermohydrologic models: Lingineni 83 MTU/acre and Buscheck 80 
MTU/acre, bigh infiltration rate (qinf = 1.25 mm/yr), no backfill, cyclical-qif 
climate model.
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Figure 9.3-31 Expected-value dose history for 1291. 1,000,000 years, comparison of 

thermohydrologic models: Lingineni 83 MTU/acre and Buscheck 80 
MTU/acre, low infiltration rate (qinf = 0.03 mm/yr), no backfill, cyclical-qi~f 
climate model.  
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Figure 9.3-32 CCDF of Total Peak Dose: 1,000,000 years, Lingineni 83 MTU/acre and 
Buscheck 80 MTU/acre, no backfill, high and low infiltration (qif) ranges, 
cyclical-qi.f climate model.
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Figure 9.3-33 CCDF of Total Peak Dose: 1,000,000 years, Lingineni 83 MTU/acre and 
Buscheck 80 MTU/acre, backfill, high and low infiltration (qif) ranges, 
cyclical-q1 ,r climate model.
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Figure 9.3-34 CCDF of Total Peak Dose: 1,000,000 years, Lingineni 25 MTU/acre and 
Buscheck 24 MTU/acre, no backfill high and low infiltration (qi.f) ranges, 
cyclical-qinf climate model.  
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Figure 9.3-35 CCDF of Total Peak Dose: 1,000,000 years, Lingineni 25 MTU/acre and 
Buscheck 24 MTU/acre, backfill, high and low infiltration (qinf) ranges, 
cyclical-qinf climate model.
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1,000,000-yr Expected-Value Doee History, 83/ye8q/inf=log1 0 U(0.01,2)/dlme
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Expected-value dose history: 1,000,000 years, 83 MTU/acre, backfill, 
intermediate infiltration rate (initial qif = 0.376 mm/yr), cyclical-qi.• 
climate model.  

100,000-yr Expected-Value Dose History, 83/yestqelogoU(0.01,2)/clime
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Figure 9.3-36b Expected-value dose history: 100,000 years, 83 MTU/acre, backfill, 
intermediate infiltration rate (initial qif = 0.376 mm/yr), cyclical-qi0 f 
climate model.
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1,000,000-yr Total Peak Dose, 83/yes
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Figure 9.3-37 CCDF of Total Peak Dose: 1,000,000 years, 83 MTU/acre, backfill, high 
infiltration range (qi~f = 0.5 -2.0 mm/yr), low infiltration range (qi = 0.01 -0.05 
mm/yr), and entire infiltration range (qi0f = 0.01 -2.0 mm/yr), cyclical-qinf
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Figure 9.3-38 Effect of alternative corrosion-initiation models: Relative humidity only vs.  

temperature and relative humidity vs. temperature, relative humidity, and 
cathodic protection. CCDF of Total Peak Dose: 1,000,000 years, 83 MTU/acre, 
no backfill, high infiltration range, cyclical-qnf climate model.

9-80

0) 

Ca 

.0 

a.  
0o

102



1,000,000-yr Expected-Value Dose History, 83/nothiq/clime/cath protn.  
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Figure 9.3-39 Expected-value dose history: 1,000,000 years, cathodic protection (with 
temperature and relative humidity corrosion-initiation), 83 MTU/acre, no backfill, 
high infiltration (initial qif = 1.25 mm/yr), cyclical-qif climate model.
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Figure 9.3-40 Expected-value dose history: 1,000,000 years, "drips-on-waste-container" EBS 
transport model, 83 MTU/acre, backfill, high infiltration (initial qi.f = 1.25 mm/yr), 
cyclical-qi.f climate model.
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1,000,000-yr Expected-Value Dose History, 83/yes/hiq/cllmelnodrlp 
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Figure 9.3-41 Expected-value dose history: 1,000,000 years, capillary-barrier-effect ("no drips") 
EBS transport model, 83 MTU/acre, backfill, high infiltration (initial qf = 1.25 
mni/yr), cyclical-qj0f climate model.  
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Figure 9.3-42 Expected-value dose history: 1,000,00O years, capillary-barrier-effect ("no drips") 

EBS transport model with 1211 and '6C1 transported through EBS in the aqueous 

phase, 83 MTU/acre, backfill, high infiltration (initial qi~f = 1.25 mm/yr), cyclical

qinf climate model.
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1,000,000-yr Expected-Value Dose History for 83/yes/hkVnodrlpfcl 4aq 
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Figure 9.3-43 Expected-value dose history: 1,000,000 years, "diffusion-only" EBS transport 
model, 83 MTU/acre, backfill, high infiltration (initial qif = 1.25 mm/yr), 
cyclical-qi,'f climate model.  
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Figure 9.3-44 Comparison of EBS transport models. Expected-value dose history for "Tc: 

1,000,000 years, "drips-on-waste-form" model vs. "drips-on-waste-container" 
model vs. "no-drip" model, 83 MTU/acre, high infiltration (initial qinf = 1.25 
mm/yr), cyclical-qinf climate model.  
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1,000,000-yr Expected-Value Dose History for 2 7Np
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Figure 9.3-45 Comparison of EBS transport models. Expected-value dose history for 237Np: 
1,000,000 years, "drips-on-waste-form" model vs. "drips-on-waste-container" 
model vs. "no-drip" model, 83 MTU/acre, high infiltration (initial qi,,f = 1.25 
mm/yr), cyclical-qinf climate model.
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1,000,000-yr Total Peak Dose
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Comparison of EBS transport models. CCDF of Total Peak Dose: 
1,000,000 years, 83 MTU/acre, high infiltration range, cyclical-%,a 
climate model.
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Figure 9.3-46b Comparison of EBS transport models. CCDF of Total Peak Dose: 1,000,000 
years, 83 MTU/acre, high infiltration range, cyclical-qif climate model.
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1,000,000-yr Expected-Value Dose History, 83/yes/hiq/dlimeb,=1I(100h) 
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Effect of intra-unit fracture connectivity parameter: X=I/(100 h), where h = 
pathway length in each unit. Expected-value dose history: 1,000,000 years, 
83 MTU/acre, backfill, high infiltration (initial qch = 1.25 mm/yr), cyclical
qi~f climate model.

100,000-yr Expected-Value Dose History, 83/yes/hiq/clime/X=1/(100h) 
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Effect of intra-unit fracture connectivity parameter: X=l/(100 h), where h = 
pathway length in each unit. Expected-value dose history: 100,000 years, 
83 MTU/acre, backfill, high infiltration (initial c1~ = 1.25 mm/yr), cyclical
qif climate model.
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1,000,000-yr Expected-Value Dose History, 83/yes/hiq/cime/,=1I(0.1Ih) 
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Effect of intra-unit fracture connectivity parameter: X==1/(0. 1 h), where h = 

pathway length in each unit. Expected-value dose history: 1,000,000 years, 
83 MTU/acre, backfill, high infiltration (initial qif = 1.25 mm/yr), cyclical
qinf climate model.  

100,000-yr Expected-Value Dose History, 83/yes/hiq/clime/X=1I(0. I h)
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Effect of intra-unit fracture connectivity parameter: X=l/(0.l h), where h = 

pathway length in each unit. Expected-value dose history: 100,000 years, 
83 MTU/acre, backfill, high infiltration (initial qcf = 1.25 mm/yr), cyclical
qi,f climate model.
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. 1,000,000-yr Expected-Value Dose History, 83/yes/hiq/climelmatrix 
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Figure 9.3-49 Effect of matrix-only flow (no fracture flow). Expected-value dose history: 
1,000,000 years, 83 MTU/acre, backfill, high infiltration (initial q1 -= .1.25 mn/yr), 
cyclical-qir climate model.
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Figure 9.3-50 Comparison of intra-unit fracture connectivity parameter: %=I/(100 h) vs. X=l/h 
vs. ,=1/(0.1 h) vs. matrix-flow-only, where h = pathway length in each unit.  
Expected-value dose history for 9Tc: 1,000,000 years, 83 MTU/acre, backfill, high 
infiltration (initial qinf = 1.25 mm/yr), cyclical-qi.f climate model.
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1,000,000-yr Expected-Value Dose History for 37 Np

100 
10-1 
10-2 
10-3 
10-4 
10-s 

10-6 
10-7 

10-8 

10-9 
10-10

Oe+0 2e+5 4e+5 6e+5 8e+5 

Time (yrs)

Figure 9.3-51 Comparison of intra-unit fracture connectivity parameter: X=l/(100 h) vs.  
ýIl/h vs. X=I/(O.1 h) vs. matrix-flow-only, where h = pathway length in each 
unit. Expected-value dose history for 237Np: 1,000,000 years, 83 MTU/acre, 
backfill, high infiltration (initial qinf = 1.25 mm/yr), cyclical-qif climate model.
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Comparison of intra-unit fracture connectivity parameter: X=l/(100 h) vs.  
X=l/h vs. X=l/(O.1 h) vs. matrix-flow-only (no fractures), where h = pathway 
length in each unit. CCDF of Total Peak Dose: 1,000,000 years, 83 MTU/acre, 
backfill, high infiltration range, cyclical-qi~f climate model.
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No climate-change model. Expected-value dose history: 1,000,000 
years, 83 MTU/acre, backfill, high infiltration (%qa = 1.25 mm/yr).  
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Figure 9.3-53b No climate-change model. Expected-value dose history: 100,000 years, 
83 MTU/acre, backfill, high infiltration (qfr = 1.25 mm/yr).
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1,000,000-yr Expected-Value Dose History, 83/yes/hiqlclime/w.t.r.
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Figure 9.3-54a
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Figure 9.3-54b

Climate-change model with cyclical q%.f and cyclical water table rise.  
Expected-value dose history: 1,000,000 years, 83 MTU/acre, backfill, 
high infiltration (initial qnf = 1.25 mm/yr).  

100,000-yr Expected-Value Dose History, 83/yes/hiq/climelw.t.r.
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Climate-change model with cyclical %,'n and cyclical water table rise.  
Expected-value dose history: 100,000 years, 83 MTU/acre, backfill, high 
infiltration (initial%'nf = 1.25 mm/yr).
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1,000,000-yr Expected-Value Dose History for 9lTc
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Figure 9.3-55a

100

Effect of climate on 99Tc dose: Climate change with and without water 
table rise vs. no climate change. Expected-value dose history: 
1,000,000 years, 83 MTU/acre, backfill, high infiltration (initial %.f = 
1.25 mnilyr).  
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Figure 9.3-55b
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Effect of climate on 9Tc dose: Climate change with and without water 
table rise vs. no climate change. Expected-value dose history: 100,000 
years, 83 MTU/acre, backfill, high infiltration (initial qn = 1.25 mm/yr).
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1,000O000-yr Expected-Value Dose History for 237Np

Figure 9.3-56a
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Effect of climate on 237Np dose: Climate change with and without 
water table rise vs. no climate change. Expected-value dose history: 
1,000,000 years, 83 MTU/acre, backfill, high infiltration. (initial qinf 
1.25 mm/yr).  

.100,000-yr Expected-Value Dose History for 237Np
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Effect of climate on 237Np dose: Climate change with andwithout water 
table rise vs. no climate change. Expected-value dose history: 100,000 
years, 83 MTU/acre, backfill, high infiltration (initial q%.f = 1.25 mm/yr).
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1,000,000-yr Expected-Value Dose History, 83/no/iloq/noclime
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Figure 9.3-57 No climate-change model. Expected-value dose history: 1,000,000 years, 83 
MTU/acre, no backfill, low infiltration (qinf = 0.03 mm/yr).
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Figure 9.3-58 Climate-change model with cyclical qif and cyclical water table rise.  
Expected-value dose history: 1,000,000 years, 83 MTU/acre, no backfill, low 
infiltration (initial qif = 0.03 mm/yr).
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1,000,000-yr Expected-Value Dose History for 1"Tc
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Figure 9.3-59 Effect of climate on 9Tc dose: Climate change with and. without water table 
rise vs. no climate change. Expected-value dose history: 1,000,000 years, 83 
MTU/acre,. no backfill, low infiltration (initial c%.f = 0.03 mm/yr).
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Figure 9.3-60 Effect of climate on 23
MNp dose: Climate change with and without water table 

rise vs. no climate change. Expected-value dose history: 1,000,000 years, 83 
MTU/acre, no backfill, low infiltration (initial qif = 0.03 mm/yr).
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Figure 9.3-61 Effect of climate on total dose: Climate change with and without water table 
rise ("w.t.r.") vs. no climate change. CCDF of Total Peak Dose: 1,000,000 
years, 83 MTU/acre, with and without backfill, high and low infiltration ranges.
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Figure 9.3-62 Effect of alternative models for Np, Pu, and Am solubility: LANL expert

elicited model vs. Sassani temperature-dependent model. CCDF of Total Peak 
Dose: 1,000,000 years, 83 MTU/acre, backfill, high infiltration range.
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Scatter plot of 1,000,000-yr total peak dose versus saturated zone Darcy 
velocity (m/yr) for 83 MTU/acre, backfill, high infiltration (initial qi.r = 1.25 
mm/yr), cyclical-qif climate model.
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Scatter plot of 1,000,000-yr total peak dose versus UZ percolation flux (mm/yr) 
for 83 MTU/acre, backfill, high infiltration (initial qi~f = 1.25 mm/yr), cyclical
qif climate model.
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Scatter plot of 1,000,000-yr total peak dose versus climate change modifier for 
83 MTU/acre, backfill, high infiltration (initial qif = 1.25 mm/yr), cyclical-oh.f 
climate model.
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Figure 9.3-66 Scatter plot of 1,000,000-yr total peak dose versus matrix velocity (m/yr) in the 
TSw for 83 MTU/acre, backfill, high infiltration (initial qif = 1.25 mm/yr), 
cyclical-qinf climate model.
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Scatter plot of 1,000,000-yr total peak dose versus fraction of flow in fractures 
in the TSw for 83 MTU/acre, backfill, high infiltration (initial q,.f = 1.25 
mm/yr), cyclical-q,.f climate model.
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Figure 9.3-68 Scatter plot of 1,000,000-yr total peak dose versus matrix velocity (m/yr) in the 
TSv for 83 MTU/acre, backfill, high infiltration (initial Ci~ = 1.25 mm/yr), 
cyclical-q•, climate model.  
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Scatter plot of 1,000,000-yr total peak dose versus fraction of flow in fractures 
in the TSv for 83 MTU/acre, backfill, high infiltration (initial qn = 1.25 
mm/yr), cyclical-cif climate model.
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Scatter plot of 1,000,000-yr total peak dose versus saturated zone Darcy 
velocity (m/yr) for 83 MTU/acre, backfill, low infiltration (initial %, = 0.03 
mm/yr), cyclical-qahf climate model.
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Scatter plot of 1,000,000-yr total peak dose versus UZ percolation flux (mm/yr) 
for 83 MTU/acre, backfill, low infiltration (initial qnf 0.03 mm/yr), cyclical

-,nf climate model.
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Figure 9.3-72 Scatter plot of 1,000,000-yr total peak dose versus matrix velocity (m/yr) in the 
CHnz for 83 MTU/acre, backfill, low infiltration (initial q..f = 0.03 mm/yr), 
cyclical-q..f climate model.
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Scatter plot of 1,000,000-yr total peak dose versus fraction of flow in fractures 
in the CHnz for 83 MTU/acre, backfill, low infiltration (initial ctf = 0.03 
mm/yr), cyclical-qnf climate model.
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Figure 9.3-74 Scatter plot of 1,000,000-yr total peak dose versus matrix velocity (m/yr) in the 
TSw for 83 MTU/acre, backfill, low infiltration (initial q%.f = 0.03 mm/yr), 
cyclical-qinf climate model.
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Scatter plot of 1,000,000-yr total peak dose versus climate change modifier for 
83 MTU/acre, backfill, low infiltration (initial q1,f = 0.03 mm/yr), cyclical-%cnf 
climate model.
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Figure 9.3-76 Scatter plot of 1,000,000-yr total peak dose versus Np sorption coefficient in 
the vitric tuff for 83 MTU/acre, backfill, low infiltration (initial o•f=0.03 
mm/yr), cyclical-qh.f climate model.  
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Subsystem Total Release. Expected-value release at 10,000, 100,000 and 
1,000,000 years for 83 MTU/acre, backfill, high infiltration (qr = 1.25 mm/yr), 
no climate change, with decay.
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Figure 9.4-2. Subsystem 99Tc Release. Expected-value release at 10,000, 100,000 and 

1,000,000 years for 83 MTU/acre, backfill, high infiltration (%,. = 1.25 mm/yr), 
no climate change, with decay.
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83YH Subsystem Releases: 1291
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Figure 9.4-3. Subsystem '291. Expected-value release at 10,000, 100,000 and 1,000,000 years 
for 83 MTU/acre, backfill, high infiltration (q,,f = 1.25 mm/yr), no climate 
change, with decay.
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Figure 9.4-4. Subsystem 237Np. Expected-value release at 10,000, 100,000 and 1,000,000 
years for 83 MTU/acre, backfill, high infiltration (q•,f = 1.25 mm/yr), no 
climate change, with decay.
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83YH Subsystem Releases: 22'Th
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Figure 9.4-5. Subsystem 229T1h. Expected-value release at 10,000, 100,000 and 1,000,000 years 
for 83 MTU/acre, backfill, high infiltration (cj,, = 1.25 mm/yr), no climate change, 
with decay.
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Figure 9.4-6. Subsystem 229
nh. Expected-value release at 10,000, 100,000 and 1,000,000 years 

for 83 MTU/acre, backfill, high infiltration (tnf = 1.25 mm/yr), no climate change, 
no decay.
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10. CONCLUSIONS AND RECOMMENDATIONS

Robert W. Andrews and James 0. Duguid 

10.1 CAVEATS 

This report documents a total system performance assessment of the Yucca Mountain potential 
repository, including the conceptual and parameter assumptions used. The report describes the 
results and their significance with respect to predicted postclosure performance, in terms of (1) 
the waste package lifetime (substantially complete containment); (2) the radionuclide release from 
the engineered barrier system; (3) the cumulative radionuclide release at the accessible 
environment over 10,000 years; and (4) the maximum radiation dose in 10,000 and 1,000,000 
years to an individual located at the accessible environment boundary. The results and 
conclusions derived in this study must be tempered by the assumptions that are made in the 
course of the analyses. It is important to stress that the representativeness of the results, and 
therefore the robustness of the conclusions, are based on the assumptions used.  

In the present discussion, the term robust has a very specific connotation to imply that changes 
in the considered conceptual model or parameter distribution will not significantly change the 
results or conclusions of the analyses. One can almost always consider "worst-case" scenarios 
for virtually every model or parameter distribution that would extend the envelope of the 
considered values to highly unlikely extremes and have significant effects on the predicted 
performance. That is not the philosophy incorporated in the present document nor will it be the 
approach taken in subsequent performance assessment iterations leading up to the evaluation of 
the suitability and licensability of the Yucca Mountain potential repository site. However, the 
robustness of the assumptions incorporated in the analyses are in many instances synergistic, with 
the effect of one model or parameter on the predicted performance being dependent on 
assumptions made regarding another totally unrelated component of the system. This is not 
unexpected, given the complexity of the system being simulated, the dependence of numerous 
factors on the overall response of the total system, and the range of alternative conceptual models 
possible at the present stage of scientific investigations. Even given this caution, however, it is 
possible to make reasonable conclusions and recommendations based on the current analyses, 
while at the same time acknowledging the need for complete substantiation and documentation 
of the process-level models ultimately to be used as the basis for abstractions used in 
performance assessment analyses.  

The present analyses focus attention on models and parameters that earlier performance 
assessment analyses have determined to be significant. In particular, the emphasis is on 
evaluating the impact of alternative models of the near-field thermohydrologic environment in 
the vicinity of the waste package, alternative assumptions regarding the initiation and rate of 
degradation of the waste package materials, alternative assumptions regarding the efficiency of 
capillary barriers if placed in the drifts, alternative conceptual representations of advective flow 
in the drifts and percolation flux in the unsaturated zone, and alternative conceptual models of 
transport in the unsaturated zone.
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In addition to the above conceptual assumptions, alternative thermal loading designs and backfill 
emplacement options are examined. These design options are not exhaustive of the range of 
designs that have been or are being considered. For example, alternative waste package designs 
(in terms of both the use of filler materials and alternative waste package materials) have been 
proposed that are not considered in the present analyses. It is impossible to evaluate every 
alternative design because each alternative often requires additional information that may not be 
available. Performance assessment analyses, which strive to be reasonably conservative 
representations of the range of behavior of the natural and engineered components of the overall 
system, lag slightly behind the most current scientific and engineering understanding because of 
the time required for the analyses. However, because performance assessments require evidence 
(i.e., data) with which to support the development of representative or "valid" conceptual models 
and parameters, they often point to the need for additional information to properly evaluate the 
alternative designs being considered.  

Performance assessment is an iterative process. The analyses strive to use the most current 
understanding of the site and designs that can be substantiated, which implies that work in 
progress cannot be directly incorporated in the current iteration. The process-level models used 
for the abstraction of results into TSPA are "frozen" some months before the completion of the 
performance assessment. In the present iteration, this has necessitated using process-level 
understanding of unsaturated- and saturated-zone flow and transport that is currently undergoing 
revision. The delay in developing and documenting process-level models was identified as a 
significant issue in TSPA-1993 (Andrews, et al., 1994) and it remains so with the current 
iteration. With the exception of a preliminary version of the unsaturated-zone flow model 
(Wittwer et al., 1995), which does not address many important heterogeneity and scaling issues, 
there are still no documented models that have been substantiated adequately enough to be used 
with confidence in performance assessments. It is therefore recommended to (1) focus the data 
collection program primarily on observations and testing in the Exploratory Studies Facility (and 
the collection of "perishable" data) and (2) emphasize data interpretation/synthesis and process
level model development, substantiation, testing and review.  

Although the models and parameter values used in the current TSPA iteration can be directly 
traced back to reasonable (and representative) assumptions, they have not all come directly from 
the process-level models because these models do not exist in all cases. This is not to imply that 
the process-level models, even when complete, will explain all alternative reasonable explanations 
for the observations made, nor to imply that the completion of the process-level models is all that 
performance assessment requires. There will be a number of issues associated with model and 
parameter variability and heterogeneity and scaling that will not be resolved within the context 
of the process models as currently envisioned. These issues will have to be "resolved" by 
sensitivity analyses using simplified TSPA models.  

Performance assessment is often expected to "drive" the scientific investigation and design 
programs. This expectation is inspired by the belief that the priority of each investigation should 
be driven by the significance of that component of the system to the overall predicted 
performance. Those processes or parameters that significantly affect the predicted performance 
should be given increased focus, while those that contribute marginally to the overall performance 
should be deemphasized. While such an approach makes sense, its application has been limited 
because the degree to which performance assessment can "drive" the rest of the scientific and
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design programs is, with few exceptions, directly related to the conceptual understanding existing 
at the time the analyses are performed. For different conceptual assumptions, one might reach 
very different conclusions of the significance, or lack thereof, of particular aspects of the 
investigation program. That is to say, the conclusions drawn are necessarily predicated on the 
assumptions included in the analyses. Because a number of assumptions in TSPA-1995 are not 
directly tied to substantiated conceptual models, care must be taken in "over-interpreting" the 
results or "over-utilizing" the results in the allocation of priorities. However, it is believed that 
a performance assessment-based prioritization approach can be used successfully in combination 
with technical judgment to provide a firm technical basis for the allocation of scientific 
investigation and engineering design priorities. This prioritization should be iterative and 
flexible, because priorities may change as understanding advances and performance assessment 
predictions become more refined and focused.  

10.2 SIGNIFICANT CONCLUSIONS 

Five different measures of performance were evaluated in TSPA-1995. The waste package 
failure distribution (if failure is defined by the penetration of the first pit through the corrosion
resistant inner package material) may be considered to represent the substantially complete 
containment requirement of NRC and is presented in Chapter 5. The peak release rate from the 
engineered barrier system, which may be compared to the NRC requirement, has been presented 
in Chapter 8. The total system performance is quantified with respect to three measures, namely, 
the cumulative release of radionuclides at the accessible environment over 10,000 years 
normalized to the Table 1 values in the remanded EPA environmental standard (40 CFR Part 
191), and the peak radiation dose over both 10,000 and 1,000,000 years incurred by an individual 
located at the accessible environment boundary who uses water from the tuff aquifer as a sole 
source of drinking water. Because the conclusions are slightly different for the various scales 
(in space and time), each performance measure is discussed separately below.  

10.2.1 Substantially Complete Containment 

Because the initiation and rate of aqueous corrosion (by both humid air and liquid water) are 
dependent on the thermohydrologic environment, the determination of when the first pit 
penetrates the corrosion-resistant barrier is dependent on the thermal load. However, this 
dependency is more complicated than it may appear at first glance. One may initially assume 
that higher thermal loads would lead to lower humidities for longer times and therefore delay the 
onset of aqueous corrosion and extend the duration of the containment period. While the first 
part of this statement is true, the effect on containment is also significantly influenced by the 
temperature of the waste package surface, with higher temperatures yielding higher corrosion 
rates (this being especially significant for the assumed pitting corrosion model for the corrosion
resistant material). Therefore, from some of the results presented in Chapter 5, the rate of 
container degradation does not appear to be directly correlated with the thermal load.  

The preceding conclusion must be tempered by the assumed thermohydrologic model and the 
assumed spacing of waste packages within the repository drifts. For example, the assumptions 
made in the drift-scale thermohydrologic analyses conducted by Buscheck (1995) (namely the 
lower thermal conductivity of the backfill, the lack of any applied infiltration rate, and the 
relative humidity reduction caused by temperature gradients between the waste package and drift
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walls) generate significantly lower humidities for significantly longer periods for the higher 
thermal loads, and result in no waste package failures in the first 10,000 years for the higher 
thermal load case. Although the validity of each of these assumptions needs to be substantiated, 
the potential benefits in extending the waste package lifetime are apparent.  

In addition to the effect of the thermohydrologic regime affecting waste package lifetimes, the 
conceptual model for corrosion also impacts the calculated failure distribution. In TSPA-1993 
(Andrews, et al., 1994), the apparent benefits of cathodic protection of the Alloy 825 inner 
corrosion-resistant barrier were mentioned but not evaluated. The need for the development of 
a defensible model to incorporate this process in future performance assessments was stated as 
a high priority. Although no model of cathodic protection is currently available, sensitivity 
analyses incorporating what is believed to be a reasonable first-order approximation have been 
performed. As expected, incorporating cathodic protection significantly extends the lifetime of 
the waste packages. The cathodic protection has a two-fold effect. First, it directly extends the 
package lifetime by delaying the onset of pitting corrosion of the corrosion-resistant material.  
Second, this primary effect has an important multiplicative effect by causing a lower temperature 
during pitting of the corrosion-resistant layer, and therefore significantly reducing the pitting 
corrosion rate of this material. Because of its possibly large effect on containment, the cathodic 
protection model needs to be confirmed using literature- and laboratory-derived information.  

The pitting-corrosion model for the corrosion-resistant layer was identified as being overly 
conservative in TSPA-1993 (Andrews, et al., 1994). In the absence of any cathodic protection 
considerations, the corrosion-resistant material did not substantially extend the containment time.  
Based on the assumptions made in TSPA-1993 (Andrews, et al., 1994), an additional centimeter 
of corrosion-allowance material would have been better than utilizing the corrosion-resistant 
material at all. Thus, a more definitive model of pitting of corrosion-resistant materials was 
identified in TSPA-1993 (Andrews, et al., 1994) as an important information need. Although no 
experimentally-based improved model for pitting of corrosion-resistant materials is available, 
sensitivity analyses are performed using an assumed model in which pitting growth rates are time 
dependent (with a decreasing rate with time). This revised model has a significant effect on the 
predicted failure distribution, confirming that the validity of this model is an important activity.  

While the conceptual representations of drift-scale thermal hydrology and the corrosion 
degradation models significantly affect the waste package "failure" distribution over the first 
10,000 years (and, therefore, also affect 10,000-year total system performance measures, such as 
the cumulative release at the accessible environment or peak dose at the accessible environment), 
these models have generally less significance when the performance measure is extended to 
longer times (i.e., 1,000,000 years). This observation was also made in TSPA-1993 (Andrews 
et al., 1994 and Wilson et al., 1994) and in the sensitivity analyses conducted to develop the 
environmental standards for Yucca Mountain (Duguid et al., 1994). However, these models do 
have some effect at longer times by limiting the total inventory that is accessible for release and 
transport because some waste packages are predicted to never fail. Also, if diffusive releases 
dominate or if it is assumed that the advective flux through the EBS is dependent on the percent 
of package surface penetrated by pits, the corrosion degradation models can have an effect even 
on long-term doses. However, all conceptualizations of these models for TSPA-1995 generate 
the bulk of package failures early enough during the 1,000,000 year time span that the results are
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fairly insensitive to the particular conceptualization (no more than a factor of 3 difference in peak 
dose among these various conceptualizations).  

10.2.2 Peak Release Rate from the Engineered Barrier System 

Once the waste package has been degraded for modeling purposes, to the extent that the initial 
pit has penetrated the corrosion-resistant material, alteration/dissolution and advective/diffusive 
release processes can occur resulting in transport of dissolved radionuclides to the geosphere.  
For the current conceptualization of diffusive release, the diffusion coefficient is a function of 
the liquid saturation in the drift materials, and the area through which diffusion can occur is 
dependent on the distribution of pits through the waste package. Both the saturation and the area 
are functions of time. For this conceptualization of diffusion, diffusive releases are very small.  
Therefore, the substantiation of the probability and quantity of drift-scale advective flux (i.e., drip 
rate) becomes an important performance issue. The drift-scale advective flux is a function of the 
percolation flux distribution as discussed in the conceptual representation presented in Chapter 
7. It is not directly evaluated in the site-scale unsaturated zone flow model (Wittwer et al., 1995) 
because the distribution of flux over a drift-scale of roughly 100 m2 is not quantifiable in this 
model. It is controlled by small-scale heterogeneity and variability, which is not incorporated in 
the site-scale model, although it may be discernible by unperturbed observations and testing in 
the ESF.  

In those cases where advection dominates the EBS release, the infiltration-rate distribution has 
a significant effect. The conceptual representation of how dripping water contacts the waste 
package is also important. In the cases where the dripping water is assumed to be distributed 
evenly over the package surface (perhaps due to spreading associated with an emplaced backfill), 
the advective release becomes dependent on the percent of the waste package surface area 
degraded as a function of time. Therefore, all the uncertainties in the waste package degradation 
conceptual model described above become significant. In the cases where the dripping water, 
if it is predicted to be present, is concentrated at a particular spot on the waste package surface, 
all of the advective flux flows through the waste package and EBS releases are conservatively 
high. The emplacement of a Richard's (or capillary) barrier, is assumed to perform with 100% 
efficiency in diverting any dripping water away from the waste package, significantly reduces the 
advective releases from the EBS.  

The above observations point to the continued need to define, with some degree of confidence, 
the potential existence and distribution of localized flux that might intersect the potential 
repository drifts. It is important to point out that these flux values are small. Even if an average 
percolation flux of 1 mm/yr and an interception area of 100 m2 is considered, the volumetric flow 
rate would be only 0.1 m3/yr (100 1/yr or 0.3 1/day or 0.2 ml/min or approximately 1 drip every 
15 seconds), which may be difficult to directly measure in the presence of any ventilation.  

An additional issue of importance in the evaluation of peak EBS release rates is the form of the 
radionuclide when the waste form is altered. For many cases presented in Chapter 8, after 
dissolution from the waste form, some radionuclides (namely,14C, 36C1 and 1291) are assumed to 
be immediately transported to the host rock in the gaseous phase, where there is presumed to be 
sufficient water available into which these radionuclides would dissolve and subsequently be 
"transported in the aqueous phase to the accessible environment. Sensitivity analyses are
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performed to evaluate the alternative assumption that these radionuclides are immediately 
dissolved into whatever water may exist on the waste-form surface and then transported through 
the EBS by aqueous advective/diffusive processes, rather than by gas-phase transport. These 
different assumptions not only affect the predicted peak EBS release rates (especially in the cases 
of low or no advective flux through the EBS), but also the peak doses at the accessible 
environment.  

For the assumptions made regarding the performance of the cladding and the dissolution of the 
waste form, the dissolution rate itself does not significantly affect the peak EBS release rate.  
This is probably a result of the observation that the dissolution rate significantly controls the 
release of the high-solubility radionuclides, but these radionuclides ("35Cs, 79Cs, and 99Tc) are also 
presumed to be present in the gap fraction. Therefore, a certain percentage of the inventory for 
these radionuclides (assumed to be 2% in the analyses presented in Chapter 8) is available for 
transport from the waste form surface to the edge of the EBS as soon as the cladding fails.  

10.2.3 Cumulative Release of Radionuclides at the Accessible Environment - 10,000 Years 

When considering a 10,000-year total system performance measure, there are many EBS and 
natural barrier system factors that affect the predicted results. The results presented in Chapters 
8 and 9 indicate that under certain conceptual assumptions the engineered barriers by themselves 
can provide complete containment of the radionuclides for the entire 10,000-year time period.  
Similarly, for cases when the percolation flux distribution is at the lower end of the possible 
range of likely values, the natural barrier by itself can provide complete isolation of the 
radionuclides from the accessible environment for the entire 10,000-year time period. This is, 
of course, the definition of redundant barriers.  

For cases when the most conservative estimates of both EBS and natural barrier performance are 
considered, i.e., those cases which produce some non-zero integrated release to the accessible 
environment over 10,000 years, several factors are important. The predominant factor is the 
percolation flux distribution, which not only affects the likelihood of there being advective flux 
(i.e., dripping) through the EBS, but also affects the magnitude of the advective release from the 
EBS, the distribution of radionuclide transport between the fractures and matrix in the unsaturated 
zone, and the average matrix velocity through the unsaturated zone. That is, for conservative 
assumptions regarding the waste package degradation model, the percolation flux distribution 
controls the 10,000-year cumulative release. This is the same conclusion reached in TSPA-1991 
(Barnard et al., 1992) and TSPA-1993 (Wilson et al., 1994 and Andrews et al., 1994). It is 
worthwhile to point out that the radionuclides of interest over the 10,000-year time period are 
highly soluble with little or no sorption, such as 99Tc, 1291, and 14C. Slightly sorbed radionuclides 
such as 237Np can be released in small quantities over 10,000 years in cases of high percolation 
flux. For the parameter distributions used in the present analyses (that may be subject to change 
upon evaluation of the controlling phase of the radionuclide), highly sorbed and low solubility 
radionuclides such as plutonium, americium and curium, are not transported appreciable distances 
through the EBS or host rock in 10,000 years.  

K
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10.2.4 Peak Radiation Dose to Maximally Exposed Individual at the Accessible Environment 
- 10,000 Years 

Similar conclusions regarding the significance of particular conceptual models and parameters 
reached for the 10,000-year cumulative release total system performance measure are also germane 
to the 10,000-year peak radiation dose prediction. If the EBS and/or natural system perform in such 
a way as to preclude, either individually or collectively, any release of radionuclides to the 
accessible environment in 10,000 years, then there would clearly not be any dose consequences in 
the accessible environment over this time frame.  

For those cases when radionuclides do arrive at the accessible environment boundary within 10,000 
years (as noted above, this is primarily a function of the percolation flux distribution), the factors 
which delay, disperse or dilute the radionuclides have the greatest effect on the calculated peak 
dose, for given assumptions about the biosphere. Delaying the arrival of radionuclides at the 
accessible environment can be an issue over 10,000 years because it affects the arrival time of the 
leading edge of the breakthrough curve. In addition to the percolation flux, delay can be enhanced 
by sorption and matrix-diffusion mechanisms in the geosphere. For example, the non-zero 
retardation of neptunium can be sufficient to delay the arrival of this radionuclide until after the 
10,000-year time period. In addition, utilizing an enhanced matrix diffusion or decreasing the mean 
fracture flow path length can reduce the average radionuclide travel time.  

Dispersive effects have two impacts on the arrival of radionuclides at the accessible environment.  
On one hand, increased dispersion, especially when it occurs in the geosphere, can cause an earlier 
arrival of the breakthrough curve. Significant dispersion in the unsaturated zone could cause some 
radionuclides to arrive before 10,000 years, whereas a "plug flow" assumption would result in the 
initial arrival after this time. On the other hand, increased dispersion tends to lower the magnitude 
of the peak height. Over a 10,000-year time period, these issues are competing with one another 
in their combined effect on peak concentrations or peak doses. Because there are very few instances 
when the actual predicted peak arrival time is less than 10,000 years for any radionuclide (it 
generally occurs in the time frame of tens to hundreds of thousands of years, depending on the 
nuclide and the flow and transport conceptualization), the dispersive effect on initial arrival time 
is more significant, i.e., by shifting the initial arrival to an earlier time, increased dispersion leads 
to an increased peak dose during the 10,000-year time period. As discussed below, the opposite is 
true for longer time periods of interest.  

Dilution of radionuclides in the saturated zone is an important process in the determination of peak 
concentrations and ultimately peak doses. It is important to note that dilution is not a factor in the 
evaluation of cumulative release. For all dose calculations presented in Chapter 9, it is assumed that 
the dilution in the saturated zone occurs within a volumetric flow equal to the cross-sectional width 
of the repository (taken to be 4000 m and kept the same for both low and high thermal loads for 
consistency even though the cross-sectional width is greater for lower thermal loads) times an 
assumed mixing depth of 50 m (which may be considered to be the slotted interval of the 
individual's well) times the uncertain Darcy flux within the tuff aquifer. Higher Darcy fluxes 
generate the potential for greater dilution and therefore lower peak doses at the accessible 
environment. Therefore, as noted in TSPA-1993 (Andrews, et al., 1994 and Wilson, et al., 1994), 
the local Darcy flux distribution within the saturated zone in the vicinity of the potential Yucca 
Mountain site is an important parameter for concentration-, dose-, or risk-based performance measures.
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10.2.5 Peak Radiation Dose to Maximally Exposed Individual at the Accessible Environment 
- 1,000,000 Years 

While the predicted peak radiation dose over a 10,000-year time period is dependent on numerous 
factors, in extending the time to 1,000,000 years only a few factors dominate the predicted response.  
In general, factors which tend to delay the arrival of the peak concentration at the accessible 
environment are found to be less significant. This is a direct result of the extremely long time 
period considered and the long half-lives of some of the key radionuclides that always contribute 
to the predicted peak dose (notably 99Tc with a 200,000-year half-life, 237Np with a 2,000,000-year 
half-life, and 1291 with a 20,000,000-year half-life). Even for the low end of the assumed 
percolation-flux distribution and even assuming a nonconservative conceptual representation of 
fracture-matrix flow and transport, the above radionuclides are either not sorbed at all or are only 
slightly sorbed (237Np) and they break through within 1,000,000 years. In addition, even with the 
most nonconservative waste package degradation model assumptions, a certain fraction of waste 
packages would be degraded within the 1,000,000-year period. Thus, although a combination of 
waste package performance and site performance can contribute to containing and isolating 
radioactive wastes within the Yucca Mountain area for some tens- to even hundreds-of-thousands 
of years, it is unlikely that such barriers can be reasonably shown to delay the above radionuclides 
sufficiently to preclude their release over a 1,000,000-year time period.  

While delay itself does not contribute appreciably to the prediction of long-term doses, dispersion 
and dilution are still significant processes. Dispersion in this case is the result of both geosphere 
and EBS processes. Dispersion tends to spread out the release of the radionuclides over time and 
therefore reduce the peak concentration and peak dose. Geosphere dispersion is enhanced by 
increased matrix diffusion or decreased the mean fracture-flow length (in cases where fracture 
transport is active) or increased vertical, lateral and/or longitudinal dispersion in the saturated zone.  
As noted in Chapter 7, the dispersive effects in the saturated zone are enhanced with increasing 
distance between the repository and the assumed user of the tuff aquifer. This effect has significant 
ramifications with respect to the definition of where the average member of the critical population 
proposed in the recent NAS recommendations resides. If the critical group is located in the 
Amargosa Valley, some 25 km down gradient from the present "accessible environment" as defined 
in 40 CFR Part 191, the increased geosphere dispersion may be expected to reduce the peak 
concentration and peak dose by several orders-of-magnitude.] 

Besides dispersion in the geosphere, dispersive-type effects within the engineered barrier system are 
extremely important in reducing the predicted peak concentration and dose at the accessible 
environment. Spreading of releases from the EBS can occur as a result of either a wide distribution 
of waste-package failure times, an extremely low alteration/dissolution rate, or diffusion-dominated 
releases through the package and EBS. The first two factors are generally insufficient to 
significantly decrease the peak release rate over the range of parameter values considered in this 
TSPA iteration. However, diffusion-dominated releases from the EBS can significantly reduce the 
peak release rate. Such diffusion-dominated releases occur when either a very low percolation flux 
distribution is assumed (in which case only a small percent of the packages experience advective 
release) or an efficient capillary barrier in the backfill is considered. In both cases, the diffusion 
through the waste package and other EBS materials is a highly nonlinear function of the in-drift 
liquid saturation (generally very low for all thermal loads, except when advective flow into the drift
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occurs), as well as the effective surface area through which diffusion occurs (which is controlled 
by the waste package degradation model).  

Confidently demonstrating that diffusive release is the dominant transport mechanism in the EBS 
would be key to reducing the predicted long-term dose to individuals or critical groups. It is not 
at all coincidental that virtually every other high-level radioactive waste disposal program around 
the world that has published results of total system performance has incorporated a diffusive barrier 
in their engineered barrier design (see Neall et al., 1995). In other countries the diffusive barrier 
is a bentonite or bentonite-sand mixture, because these programs have focussed on crystalline host 
rocks within the saturated zone. A potential diffusive barrier in the unsaturated zone such as Yucca 
Mountain is crushed rock with low capillary suction.  

Besides the spreading out (in time) of the release of radionuclides from the source term, the 
predicted peak dose at the accessible environment boundary over the 1,000,000-year time period is 
also significantly affected by dilution in the saturated zone. This dilution can occur naturally by 
the mixing of different ground-water sources along the flow path between the repository and the 
user of the tuff aquifer (or other ground-water sources that are supplied by the tuff aquifer), or 
anthropogenically by the user tapping alternative sources of water for consumption (i.e., by slotting 
the well over different isolated aquifers). Although alternative dilution scenarios are discussed in 
Chapter 7, analyses of the exact effect of these scenarios on repository performance are beyond the 
scope of the present document. Assuming that the EPA accepts the NAS recommendations for 
protecting individuals of critical groups as an appropriate environmental standard for Yucca 
Mountain, additional analyses of regional ground-water flow patterns should be conducted. It is 
relevant to point out that dilution by saturated-zone mixing is not important for the cumulative 
release performance measure and is less significant at shorter distances between the potential 
repository and the defined location of the critical group.  

10.3 PRIORITIZATION OF SITE CHARACTERIZATION AND DESIGN ACTIVITIES 

As discussed in Sections 10.1 and 10.2, it is difficult to confidently and unambiguously identify the 
most significant elements of the Yucca Mountain site characterization and design programs that 
contribute to the predictions of total system performance. This is primarily a result of the lack of 
definitive process-level models with which to abstract the necessary response surfaces for input to 
the total system performance assessment. In many instances, the lack of a representative process
level models allows for various reasonable approximations to be made, the results of which are 
significantly different. That is to say that the conceptual assumption does make a difference on the 
predicted performance. In this Section, the key conceptual assumptions made in the course of this 
TSPA iteration are discussed. Identification of the significant assumptions assists in defining the 
key site characterization and design activities for improving the process-level models. The types 
of information expected for the various process-level models are discussed in Section 10.6.  

In addition to the lack of definitive process-level models, as described in Section 10.2, the 
importance of particular models or parameters is also a function of the performance measure 
considered. For the substantially complete containment criterion, definition of the relevant corrosion 
degradation models as well as the initiation and rate parameters for these models should be 
considered a high priority information need. For the peak EBS release rate, the existence and 
magnitude of percolation flux which passes through the EBS is of highest priority (assuming the
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gaseous radionuclides are highly soluble where the waste form contacts water). The 10,000-year 
cumulative release or peak dose predictions are affected principally by the corrosion degradation 
model and the unsaturated zone aqueous flux model for fracture-matrix transport. The 
1,000,000-year peak dose is primarily controlled by the relative magnitude of advective and 
diffusive releases through the EBS (which in turn is affected by the distribution of percolation flux 
which intersects the repository drifts), the advective flux in the unsaturated-zone (if this flux is at 
the low end of the considered distribution), and the degree of dispersion and mixing in the saturated 
zone aquifer between the repository footprint and the user of the tuff aquifer. These key issues are 
highlighted in the discussion below.  

The predominant site characterization issue remains the distribution of percolation flux in the 
unsaturated zone. In the conceptualizations embodied in the analyses presented in Chapters 8 and 
9, the percolation flux distribution controls (1) the likelihood and magnitude of advective flux 
through the EBS, (2) the EBS diffusion coefficient in the cases where there are some "drips" into 
the EBS, (3) the fraction of volumetric flow in fractures and (4) the matrix velocity. It is important 
to point out that this parameter is not measurable. It is inferred from a number of observations that 
must be synthesized and explained by the site-scale unsaturated zone flow model. However, it is 
expected that different conceptual assumptions will be possible to explain the varying observations.  
Also, the scale of the model does not allow the spatial refinement required to address heterogeneity 
and scaling issues of importance to define the distribution of flux over each of the 10,000 waste 
packages. Therefore, it is recommended that an unsaturated-zone flow model at the scale of 
individual drifts be developed and tested. This testing should consist of both 
representativeness/reasonableness of the model (perhaps by comparison with the distribution of any 
advective seeps or the distribution of ground-water residence times observed along the ESF axis) 
and the significance of alternative models on surrogates of performance (such as the likelihood and 
magnitude of seepage fluxes intersecting the drifts). It bears noting that the distribution of flux may 
be affected over some time period by the imposed thermal regime. Therefore, the same alternative 
conceptualization used to evaluate flow in the vicinity of the drifts should be used in the 
substantiation of the thermohydrologic response.  

The representation of fracture-matrix coupling, while significantly affecting the predicted total 
system performance over 10,000 and 100,000 years, generally has a less significant effect over the 
1,000,000-year time period unless the percolation flux is at the lower end of the expected 
distribution range. Therefore, the need for detailed characterization of fracture-matrix transport 
issues in the geosphere is dependent on whether the EPA accepts the NAS recommendation of a 
peak concentration, dose, or risk performance standard.  

The representation of saturated-zone flow and transport is generally insignificant to the predicted 
performance over a 10,000-year time period, but can be very significant in the prediction of 
1,000,000-year peak individual doses, especially if the individual of concern is located in areas of 
current water consumption such as the Amargosa Valley. Although it is generally recognized that 
the saturated zone contributes little in the way of delay (unless the potential for modifications in 
geochemistry is considered which could cause significant changes in the oxidation potential and 
therefore solubility of some of the key radionuclides), it can significantly affect the dispersive 
spreading and mixing of any radionuclides released to the saturated zone and therefore reduce the 
peak concentrations several orders of magnitude. Better understanding of the regional saturated
zone flow system in general and the mixing of different ground-water sources, including recharge
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of the alluvial aquifer along the Amargosa Valley in particular, is required to better approximate 
the degree of dilution expected.  

In addition to identifying the key site-related processes affecting post-closure, it is also important 
to discuss some processes that are generally less significant using current conceptual understanding.  
Principal among these, as alluded to in Section 10.2, is the role of transport in the unsaturated zone.  
The key radionuclides reaching the accessible environment and impacting dose calculations over 
either long or short time periods are not sorbed at all or are only slightly sorbed. While the role 
of matrix diffusion over short time periods can be significant, it is generally insignificant over the 
1,000,000-year time period. These results indicate that the conceptual model of unsaturated zone 
transport does not warrant significant additional investigation, except as it helps to confirm the 
understanding of the natural ground-water tracers observed in the unsaturated-zone waters. This is 
a direct result of the fact that delay in the 1,000,000-year time frame is not possible within the 
unsaturated zone except under the most nonconservative of expected percolation flux distributions.  

Repository and drift designs (in particular the emplacement of backfill materials) impact the 
predicted performance in two important ways. On one hand, the hydrologic and thermal 
characteristics of the EBS materials can significantly affect the prediction of relative humidity in 
the vicinity of the waste packages, as well as the distribution of advective flux in the drift itself in 
the presence of drips. The former will impact the waste package degradation for long periods of 
time (although generally not as much as 1,000,000 years). The latter will affect the release of 
radionuclides from the EBS. In addition to these direct effects, the potential performance benefits 
of an efficient capillary barrier are apparent over long time periods, in that it forces the EBS 
releases to occur through diffusion only, which is orders of magnitude less than the advective flux 
even at the low percolation flux distribution range. The design issue of significance then is the 
ability to emplace backfill within the drifts (recognizing that this would be emplaced after the 
presumed 100-year retrieval period) and the ability to engineer the backfill to specifications to 
enhance the overall system performance (either by reducing the thermal conductivity in order to 
reduce the humidity or by engineering a capillary barrier). If preliminary scoping analyses indicate 
that engineering a capillary barrier is not feasible, then even greater emphasis must be placed on 
confidently predicting the drift-scale hydrologic flow regime and precluding the possible intersection 
of advective drips with the waste packages.  

The focus of the role of the in-drift materials discussed above is in how these materials affect the 
in-drift thermal hydrology. Although not examined in this TSPA iteration, an additional role of the 
EBS materials is their effect on the near-field geochemical environment. An important parameter 
which affects the long term dose calculations is the solubility of neptunium. This parameter is not 
identified as important in the sensitivity analyses for the simple reason that its values are constrained 
at the high end of the solubility range representing oxidizing conditions. However, within 
representative solubility values, the peak dose has been shown to be almost linearly dependent on 
the solubility of neptunium (see Duguid et al., 1994). Studies described in Chapter 6 indicate the 
potential that the current estimates of neptunium solubility may be metastable and the stable phase 
may be some seven to ten orders of magnitude less soluble. This solubility is dependent on the 
geochemical and thermal alteration of the liquid phase into which the neptunium dissolves.  
Assuming that long-term doses are the performance measure of interest, delineating the expected 
neptunium solubility remains an important information need.
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One of the elements in the selection of candidate materials and fabrication techniques for application 
to alternative waste package designs has been the predictability of the material's degradation 
behavior. In fact this has been noted as one of the advantages associated with the tentative selection 
of the mild steel corrosion-allowance material (the other being that it may provide significant 
cathodic protection of the corrosion-resistant material). Some designs have been proposed without 
considering whether applicable predictive models exist to describe the performance of the material 
over the range of likely environments. For example, although there is some indication that 
corrosion-resistant materials should perform very well in delaying the penetration of pits created by 
corrosion, the models available to substantiate this belief are very uncertain. In addition, there do 
not appear to exist representative models to allow confident prediction of the potential benefits of 
cathodic protection. It is recommended that any proposed change in waste package design (which 
may be for a variety of reasons unrelated to performance, such as cost or fabricability) be 
accompanied with representative model(s) and their bases for making predictions of material 
degradation. For example, if a particular material is proposed for guarding against potential 
microbiologically-influenced corrosion, the basis for the material selection should include the 
mechanistic model used to support the decision. Analog information should also be used where 
possible.  

The waste package degradation processes, models and parameters could be considered unimportant 
to the long-term (i.e., 1,000,000 year) performance of the repository system. This assumption, 
however, must be tempered with the observation that the rate of package degradation over time is 
an important aspect of the long-term isolation of the wastes, because it allows for the spreading of 
the release over time. Therefore, the long-term degradation of the waste package can still be a 
significant issue. However, confidently predicting the long-term (i..e, 1,000,000 year time period) 
behavior of engineered materials is difficult to validate.  

10.4 SUMMARY OF CONCEPTUAL ASSUMPTIONS NOT EVALUATED 

Although this TSPA iteration includes a significant amount of sensitivity and uncertainty analyses, 
it does not test every key assumption or combination of assumptions, because of (1) limitations on 
the ability of the mathematical models to address certain issues without overly burdening the 
computational resources (i.e., there is always a trade-off between detail possible and time 
requirements), (2) limitations on available information (i.e., it is possible to conduct additional 
sensitivity analyses but the representativeness would be questioned), (3) a belief or expectation that 
the alternative representations are less likely than those examined and, finally, (4) a lack of time.  
The tested assumptions are believed to be the most important, although this is not demonstrable 
without conducting the additional analyses. That is, it is possible that some key issue that is 
significant to performance is either masked by other assumptions made in the analyses or is not 
observable because that process or model has not been included in the assessment. This section 
briefly discusses some of the analyses not performed.  

The near-field thermohydrologic environment is based on two alternate models using two
dimensional representations of the drift and emplaced materials. Three-dimensional effects should 
be examined to determine if they affect the predicted humidities in the vicinity of the waste 
package. The impact of uncertain hydrologic and thermal properties of the backfill/invert material 
and potential effects of heterogeneity on the predicted drift-scale response should be evaluated. The 
possible incorporation of repository edge effects is discussed in Section 4.3. Finally, the linking of
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representative drift-scale thermohydrologic analyses with the considered model for the distribution 
of "drips" into the drifts should be considered.  

The primary failure mode considered for waste package material degradation is aqueous corrosion 
(i.e., by water and humid air). Alternative modes of failure (e.g., defective containers, mechanical 
container failure due to rock fall) should be examined and demonstrated to be insignificant before 
confidently using the single failure mode.  

The EBS release model considered in the present analyses does not rely on an explicit determination 
of the flow regime in the drift. It simply assumes that the water intersecting the drifts as "drips" 
is either evenly distributed over the waste package or is concentrated on the first pits through the 
waste package. More explicit evaluation of the in-drift hydrology would appear to be useful (albeit 
adding an additional level of assumptions), especially given the importance of diffusive versus 
advective releases from the EBS on the long-term dose prediction.  

The EBS model at present does not consider any geochemical effects, whether beneficial or 
deleterious. Such effects are likely to occur due to the presence of introduced materials in the drifts 
and should be considered in subsequent iterations of TSPA.  

The unsaturated zone flow model used in the abstraction of flux distributions, although developed 
from an early version of the site-scale flow model (Wittwer et al., 1995), was extended to try to 
account for the potential for non-equilibrium fracture-matrix flow. The results of this model are 
compared to a dual-permeability formulation, but should also be compared to the unsaturated zone 
transport model currently under development. In addition, the duration and magnitude of thermal 
perturbations to the unsaturated zone flow field should be evaluated.  

The saturated zone flow model used in the present analyses is a very simple mixing model. As 
alternative biosphere locations are considered, conducting more representative regional- and or site
scale saturated-zone flow and transport models (with the transport aimed at addressing mixing and 
dispersion effects) should be considered.  

The biosphere transport model used in the present analyses is simply based on dose conversion 
factors published by EPA. Although it would be desirable to have the regulatory agency define the 
appropriate biosphere for analyses, it would be useful to construct alternative biospheres to evaluate 
the sensitivity of the predicted long-term dose to various biosphere assumptions.  

10.5 POTENTIAL IMPACTS OF ALTERNATIVE ENVIRONMENTAL STANDARDS 

The Energy Policy Act of 1992 mandated that the Environmental Protection Agency (EPA) standard.  
(40 CFR Part 191) no longer apply to a repository at Yucca Mountain, and that the National 
Academy of Sciences (NAS) make recommendations for the development of a new Yucca Mountain 
specific standard. The NAS formed the Committee on Technical Bases for Yucca Mountain 
Standards in the spring of 1993 and released their recommendations in August of 1995. The 
recommendations of the NAS that affect the total system performance assessment (TSPA) 
calculations and the effects of these recommendations on the presentation of dose calculations in 
TSPA-1995 are summarized below.
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The Committee on Technical Bases for Yucca Mountain Standards recommended that the 
environmental standards for a repository be based on the risk of fatal cancer to an average member 
of a critical group (NAS, 1995). They stated that compliance assessment of this risk should be at 
the time when the greatest risk occurs within the limits of the long-term stability of the geologic 
environment. They suggested that a risk limit in the range of 10"6 to 10-5 excess cancer fatalities 
per year would be appropriate and that the geologic environment in the vicinity of Yucca Mountain 
would be expected to remain stable for at least 1,000,000 years. In terms of radiation dose, this risk 
limit range translates to a range of 2 to 20 mrem/yr to the average member of the critical group, 
using accepted dose conversion factors.  

The critical group is defined according to the International Commission on Radiological Protection 
(ICRP) as a relatively homogeneous group of people whose location and habits are such that they 
receive the highest dose from the expected repository releases (ICRP, 1985a and ICRP, 1985b). The 
dose within the entire population is a distribution of which the critical group represents the extreme 
(i.e., those members of the population expected to receive the highest dose). "In the case of Yucca 
Mountain, these individuals presumably would live in the near vicinity of the site and would 
potentially be exposed to radiation through the use of contaminated ground water" (NAS, 1995).  
The critical group under this assumption would be using ground water and be located down gradient 
from the repository site. The critical-group dose is defined as the dose received by an average 
member of the critical group.  

The ICRP definition of the critical group requires that: 

The persons calculated to receive the highest dose based on cautious, but reasonable, 
assumptions be included in the group.  

The group be homogeneous in dose; there should be a relatively small difference between 
those individuals receiving the highest and lowest doses (ICRP, 1991). The ICRP 
Publication 46 (ICRP, 1985b) suggests that if the ratio of calculated average dose to the 
regulatory limit is less than 0.1, then the group should be considered homogeneous if the 
distribution of individual doses lies substantially within a range of a factor of ten, or a factor 
of three on either side of the *average. For ratios greater than 0.1 a smaller range is required 
for homogeneity.  

The size of the group is recommended by the ICRP to be a few tens of persons. The group 
should not be a single person and homogeneity requires that the group not be too large.  

Based on the ICRP guidance the NAS recommended that the critical group be: 

"Representative of those individuals in the population who, based on cautious, but 
reasonable, assumptions, have the highest risk resulting from repository releases. The group 
should be small enough to be relatively homogeneous with respect to diet and other aspects 
of behavior that affect risks. The critical group includes the individuals at maximum risk 
and is homogeneous with respect to risk. A group be considered homogeneous if the 
distribution of individual risk within the group lies within a total range of a factor of ten and 
the ratio of the mean of the individual risks in the group to the standard is less than or equal 
to one-tenth. If the ratio of the mean group risk to the standard is greater than or equal to
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one,.the range of the risk within the group must be within a factor of 3 for the group to be 
considered homogeneous. For groups with ratios of mean group risk to standard between 
one-tenth and one, homogeneity requires a range of risk interpolated between these limits." 

In the present and near future, these persons are presumed to live in the vicinity of the repository 
in the direction that migration of the ground-water plume of radionuclides would take in the far 
future (NAS, 1995). In order to develop an exposure scenario, assumptions about lifestyle, location, 
eating habits, and other factors will have to be made. The ICRP recommends use of the present 
knowledge with cautious, but reasonable, assumptions in making projections into the future. These 
assumptions are part of the exposure scenario that would be used as the basis to determine whether 
the repository would meet a performance standard based on risk to an average member of the 
critical group. In developing this scenario the NAS states that there is no scientific basis to make 
projections of the nature of future human societies to within reasonable limits of certainty. The 
NAS also states that there are scenarios that include the use of contaminated ground water that are 
likely to lead to exposure, and that if the ground water either is not used or is treated, exposure is 
not likely to occur. This implies that there are natural factors and physical processes such as 
topography, hydrogeology, soil type, climate, and location that should be included in developing 
scenarios for determination of the critical group and exposure to an average member of that group.  
The scenarios and/or the method of constructing them is a policy decision and is expected to be a 
major part of the rule-making process if the EPA decides to accept the NAS recommendations to 
develop a risk based standard for Yucca Mountain.  

The NAS considered two approaches to illustrate the development of exposure scenarios that the 
EPA might use to initiate the rule making process (NAS, 1995). The majority of the NAS 
Committee believed that a probabilistic approach based on physical characteristics of the site and 
their influence on population distribution could be used to develop the exposure scenario. The 
second, and more widely used method of scenario development, is to assume that a subsistence 
farmer is present at the time of peak concentration and that this person/family represents the most 
exposed member of the critical group. This latter approach appears to be simpler to explain to the 
public and is more consistent with the recommendations of the IAEA (NAS, 1995, Appendix D).  

Prior to the release of the NAS recommendations, the dose calculations performed in TSPA-1995 
were based on dose to the maximally exposed individual at the accessible environment. These 
results were based on the assumption of a subsistence farmer located 5,000 meters down gradient 
from the repository. The NAS recommendations alter these assumptions in two important ways.  

First, the artificial boundary at 5,000 meters is no longer assumed. The approach of using present 
conditions to develop an exposure scenario would likely lead to consideration of locations farther 
from the repository (i.e., at farming communities in the Amargosa Valley). The increased distance 
to the assumed location(s) of the future exposure or future well locations would allow for 
significantly more radionuclide dilution and dispersion and the potential mixing of different ground
water sources (see Chapter 7). Retardation over the longer transport path and radioactive decay over 
the longer transport time would be expected, but would not significantly change the concentration 
because of the long half-lives of the radionuclides involved (i.e., only the time of the assumed 
exposure would change). Consequently the only reduction in dose would be from the dispersion 
(which decreases radionuclide concentration in the ground water that is being used in the exposure 
scenario).
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The second dose reduction factor is caused by considering the average member of a critical group 
instead of the maximally exposed individual. The reduction in dose between the maximally exposed 
individual and an average member of the critical group would be no more than one order of 
magnitude if the maximally exposed individual is assumed to be a member of the critical group (i.e., 
the range of dose within the critical group should be no more than one order of magnitude as 
recommended by ICRP). The assumptions made to define the maximally exposed individual, i.e., 
the definition of the subsistence farmer, could change based on studies of the life styles of the 
current population of the Amargosa Valley. These changes would have to be defined during the 
EPA rule making and would further reduce the dose to an average member of the critical group.  

10.6 RECOMMENDED DEVELOPMENT, SUBSTANTIATION, DOCUMENTATION AND 
TESTING OF PROCESS LEVEL MODELS TO BE USED IN FUTURE TOTAL 
SYSTEM PERFORMANCE ASSESSMENTS 

The following discussion summarizes the initial expectations for the level of detail required in the 
process level models being developed and tested by different organizations that will be used as the 
foundation for future Total System Performance Assessments.  

Performance assessments attempt to predict, with reasonable levels of conservatism, the long-term 
behavior of the repository system and all potentially significant features, events and processes that 
may impact the ability of the site and engineered barriers to contain and isolate the radioactive 
wastes. Because long-term predictions are required in these assessments, models are used. These 
models attempt to incorporate all the relevant processes affecting the containment and isolation of 
the waste. The goal is to have the models be as realistic as possible, but failing that, to ensure that 
they conservatively capture the important characteristics in order to bound the prediction of the 
performance.  

The basis of the process level models as the foundation of performance assessment predictions must 
be demonstrated. Developing the confidence required in these process models relies on the testing, 
and data acquisition, data interpretation, data synthesis and conceptual model development 
conducted by the site, design, and research organizations. The model documents to be prepared by 
the site, design, and research organizations should summarize this understanding and the level of 
confidence in using the developed models for making predictions.  

It warrants noting that the performance assessment analyses may not use a process model explicitly, 
but some abstracted representation based on the detailed process model. This abstracted/simplified 
model has to be compared with the more detailed process model and the results have to be shown 
to be reasonable or conservative. Therefore, the detailed process models are required as the 
justification for the abstractions used in the performance assessment models. As a result, both the 
developing organizations (i.e., the suppliers) and the implementing organizations (i.e., the customers) 
have distinct roles and responsibilities that must be performed to successfully develop defensible 
site suitability and ultimately licensing documents.  

The primary models of importance to performance assessment have been tentatively prioritized with 
respect to their significance to overall system performance as shown in Table 10.6-1. The primary 
focus (Priority 1 models) is on the conceptual understanding of the hydrologic regime in the vicinity 
of the waste packages as it significantly impacts the initiation and rate of corrosion degradation, the
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mobilization of the radionuclides from the waste form, and the release of radionuclides from the 
waste package and EBS, i.e., the source term for geosphere transport. Of subsequent importance 
(Priority 2 models) are issues related to the mobilization and release of radionuclides from the EBS.  
Priority 3 models generally relate to the understanding of transport in the geosphere as well as the 
key externally initiated scenarios. Dissolution is included here because it is believed to be 
reasonably, albeit very conservatively bounded at present. Priority 4 model refers to models which 
will either be conservatively bounded in future TSPAs or for which direct testing and substantiation 
are not possible (i.e., assumptions will always be required, the technical basis for which might be 
always extremely limited).  

It is important to point out that the fundamental justification of the process level models is the 
responsibility of the appropriate developing organization. These models should be supported by 
available information that independently corroborates the model predictions of the observed 
processes being considered. Alternative models and parameters that could be invoked to reproduce 
the observations equally well should be clearly discussed and evaluated by the developing 
organization. That is, it is the responsibility of the developing organization to place reasonable 
bounds on the model and the corresponding parameters included in the model. Some examples of 
relevant observations for the higher priority process models are presented in Table 10.6-2.  

It is the responsibility of performance assessment to evaluate the significance of the inherent 
uncertainty in both the models and parameters and of the effects of this uncertainty on predicted 
performance. Performance assessment should take the best-estimate models and parameter values 
and conduct sensitivity analyses with respect to various measures of performance and/or surrogate 
measures of performance. An example surrogate might be the transport of an unretarded or partially 
retarded dissolved species from the repository horizon to the water table, assuming the release 
occurs instantly (i.e., time = 0) and at a constant rate or an instantaneous pulse. In other cases, the 
sensitivity of the uncertainty with respect to overall system performance should be evaluated. The 
following list (Table 10.6-3) details the performance measures or surrogate performance measures 
which might be the outcome of the sensitivity analyses performed by performance assessment using 
the process models and the inherent uncertainty and variability in these models and the 
corresponding parameters.  

The inherent complexity of probabilistic total system performance assessments, as well as current 
computational constraints, precludes a direct incorporation of most of the underlying process models 
into the performance assessment process. The approach taken in this and related studies is to first 
perform detailed calculations using the process models, and then abstract/simplify the results for 
input into TSPA codes. Because of limitations on computer and time resources, only a limited 
number of detailed process model evaluations are typically carried out - thus preventing the 
consideration of all alternate conceptual models and sources of parameter uncertainty/variability.  

For each of the detailed process models, it is expected that there will be a corresponding model 
report. Each of the model documents is expected to contain the following basic elements': 

'These elements apply whether considering physical-chemical processes occurring in the 
natural geologic setting or physical-chemical processes occurring in the engineered portions of 
the system.
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1. - Goals and objectives of model.  
2. Processes considered in the model and processes excluded (and technical basis).  
3. Conceptual representation and alternatives of the processes considered in the model.  
4. Software employed in the analysis of the model (if applicable) and numerical 

solution technique.  
5. Temporal and spatial scale considered in the model (and technical basis).  
6. Boundary conditions applied to the model domain (and technical basis).  
7. Initial conditions applied to the model domain (and technical basis).  
8. Physical-chemical properties within the model domain (and technical basis).  
9. Effect of scale on the physical-chemical properties within the model domain.  

10. Independent physical-chemical observations which will be used in model testing/cali
bration.  

11. Comparison of model predictions with independent physical-chemical observations.  
12. Sensitivity analyses of comparison of model predictions with independent observa

tions 
13. Uncertainty analyses of comparison of model predictions with independent 

observations 
14. Alternative models that could explain observations 
15. Applicability of model and alternatives to making long-term predictions (i.e., outside 

the spatial and temporal scales of the independent observations) 
16. Relevant natural analogs to support long-term model predictions of the processes 

included in the model 
17. Possible effect of other processes not included in the model (qualitative) 
18. Summary and Conclusions 

The following discussions focus on some of the higher priority models: 

Site-scale UZ Hydrologic Model, The model should include a description of hydrogeologic units 
and an explanation of the observed hydrologic property differences. Once the hydrogeologic units 
have been specified, the geometry must be defined, including a comparison of the "observed" and 
"as modeled" structural contours and isopachs. All relevant hydrogeologic properties for each 
hydrogeologic unit should be specified. The actual distribution of the values should be shown in 
order to define the "representativeness" of the values assumed in the analyses. The spatial 
variability of the "observed" values should be presented. The development of equivalent "block
average" properties from measurements made at the core scale should be discussed. Alternate 
representations of fracture-matrix coupling should be "tested" with the model. All boundary 
conditions (both location and type) must be justified or their significance evaluated by sensitivity 
analyses. In particular, justification of the infiltration rates assumed in the model is required. For 
each assumed conceptual model and parameter distribution, comparisons should be made between 
the simulated/predicted flow system (i.e., the results of the model) and relevant direct observations 
of the flow system. Finally, the uncertainty associated with the model and the derived results 
should be discussed.  

Drift-scale thermohydrologic model. This model should be based on the general hydrogeologic 
conceptual description and associated parameters (including a discussion of the 
uncertainty/variability in the model and associated parameters and the effects of scaling of small
scale measurements to the larger-scale discretization) used in the site-scale UZ model. This model
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description should include the conceptual design(s) being analyzed. This model should discuss the 
representativeness of laboratory or literature derived thermohydrologic parameters to the scale of 
the model developed. This model description should include the boundary conditions and their 
uncertainty/variability, in particular the prescribed aqueous flux. This model should be compared 
with observations made in similar geohydrologic settings (for example, the G-tunnel experiments).  
This model should be used as a basis for planning in-situ experiments conducted from ESF test 
alcoves, with the calibration measures being defined. This model documentation should discuss the 
possible effects of thermochemistry and thermomechanics on the thermohydrologic regime. The 
document should discuss natural analogs which may be used to support the conceptual 
representation.  

Waste Package Degradation Model. This model document should describe the materials selected 
in the current design options and discuss the general advantages and disadvantages of each material 
selected. This model should include the environments under which degradation is likely to occur.  
This model should describe the range of possible degradation modes2. This model should describe 
the fabrication of the different materials to form the waste package and any zones of 
mechanical/chemical weakness due to the fabrication process. This model should present the 
physical/chemical phenomenology behind the significant degradation modes. This model should 
present the parametric relationship between the rates of degradation (assumed to be principally some 
form of corrosion such as pitting corrosion or stress corrosion cracking) and the environmental 
parameters such as geochemistry, man-made materials, temperature, and hydrology. This model 
should also discuss the changes in the environmental parameters caused by the degradation process 
itself. The data with which the parametric model has been constructed should be described and their 
representativeness discussed. The ability to extrapolate short-term accelerated tests to the long-term 
predictions required should be discussed. Comparison of model predictions with analog materials 
under similar environmental conditions should be presented.  

Waste Package-scale Thermochemical Models (including Radionuclide Solubility). The mobility 
of the radionuclides that have been dissolved from the waste form is dependent on the aqueous 
solubility of the radionuclides and the ability of the radionuclides to sorb onto colloidal particles.  
Both of these processes are dependent on the geochemical environment in the vicinity of the waste 
packages and the changes in that geochemistry due to the degradation of the package and the 
thermal hydrologic environment and the presence of man-made materials. Models of the very near 
field (waste package scale) geochemistry are therefore required. These models should describe the 
fundamental thermodynamic relationships incorporated in the model as well as the potential role of 
non-equilibrium thermodynamics on the anticipated geochemistry. The uncertainty in the model as 
well as the basic thermodynamic database used in the model should be presented. Comparisons of 
the model predictions with direct observations of reaction rates should be presented. Comparisons 
should also be made with direct observations of radionuclide solubilities from both oversaturation 
and undersaturation. The stable and metastable phases in any solubility measurements should be 
presented as well as the role of colloidal or organic enhancement in the total mobile phase of the 
radionuclides. The uncertainty in the laboratory measurements as well as the model approximation 
of the laboratory measurements should be presented. Comparisons on model predictions with analog 

2Models are required for each potentially significant degradation mode.
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solubility and or mobility observations should be presented to enhance the confidence in the 
predictions based on the model.  

Drift-Scale Transport Model. Radionuclides which are mobilized from the dissolution of the waste 
form may be transported through the waste package and the EBS by either advective or diffusive 
processes. The magnitudes of both the advective and diffusive components of transport are a 
function of the drift-scale thermal hydrology described above. In addition to the thermohydrologic 
regime, the diffusion through the partially saturated materials in the drift needs to be substantiated.  
This may include both laboratory observations, appropriate in-situ tests and, if available, analog 
observations. Also, the potential for the drift-scale thermochemical regime to affect the retardation 
potential of the drift materials should be addressed and quantified. The uncertainty in the 
conceptual representation of drift-scale transport should be discussed qualitatively and, if possible, 
quantitatively. The variability in advective and diffusive transport should be discussed qualitatively.  
The effects of colloids on transport enhancement should be addressed.  

Site-Scale Unsaturated Zone Transport Model. Radionuclides that are released from the EBS will 
be transported in the geosphere to the accessible environment, or will be decayed during transport 
along the flow path given a sufficiently low advective-dispersive velocity. The UZ transport model 
needs to incorporate all the aspects (and the corresponding uncertainty and variability) of the UZ 
flow model and, in addition, the transport process models and parameters including dispersion, 
matrix diffusion, and matrix and fracture sorption. The developed model should discuss the model 
domain considered and the relevance of the applied boundary conditions for both flow of water and 
gas and the transport of dissolved species. The uncertainty in the boundary conditions for both flow 
and transport should be discussed and quantitatively evaluated. The observations used to enhance 
the confidence in the developed model include the in-situ observations of ground-water ages. The 
representativeness and uncertainty in these observations should be described. The calibration of the 
model with these observations should be presented and alternative models and parameters that can 
be reasonable prescribed that also explain the observations should be discussed. If alternative 
models than those used to represent the hydrologic conditions in the UZ flow model are required 
to explain the geochemical observations, these should be clearly discussed. The representativeness 
of laboratory derived batch experiments to in-situ conditions should be substantiated. Effects of 
scale on representative transport properties (in particular for fracture-matrix transport and matrix 
diffusion) should be defined and substantiated by in-situ observations where possible. The effects 
of colloids on transport enhancement should be addressed.  

Repository-Scale Unsaturated Zone Thermo-Hydrology Model. In addition to the drift-scale thermo
hydrology model identified above, the long-term transient thermohydrologic response of the ground
water flow regime in the unsaturated hydrogeologic units must also be defined. It is acknowledged 
that evaluation of repository-scale (about 109 M3) thermo-hydrology will only be possible during the 
performance confirmation period. Therefore the technical basis for the repository-scale process will 
be primarily provided by the short-term, limited areal extent testing done from the ESF. This model 
should start with the unsaturated zone flow model describing the ambient hydrogeologic conditions.  
Given that a range of possible hydrologic models are anticipated, at least that same number of 
thermohydrologic models should be described. It may be possible to use natural analogues of 
thermal hydrologic perturbations (for example, intruded magma bodies into unsaturated fractured 
tuffs) to bound the possible effects of the thermal source associated with the spent fuel waste. As
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in other flow, and/or transport processes, the effects of scale, the treatment of heterogeneities, and 
the technical basis for such approximations should be presented.  

Site-Scale Unsaturated Zone Geochemical Model. Similar to describing the ambient hydrology, it 
is important to define the expected ambient hydrogeochemistry of the unsaturated zone pore waters 
because it defines the initial condition of any possible perturbation caused by the thermal effects or 
interactions with repository-induced materials (whether introduced intentionally or unintentionally).  
The ambient geochemical environment is expected to be spatially variable, due to local 
heterogeneities in aqueous flow paths as well as the mineralogy along these flow paths. The 
"observed" ambient geochemistry is expected to be uncertain due to the difficulties in measuring 
the pore water geochemistry in unsaturated media. Therefore, it is important to qualitatively, and 
to the extent practical, quantitatively, describe the range in the likely aqueous geochemistry expected 
at the potential repository depth. This geochemical synthesis should also be used to substantiate the 
aqueous flow regimes predicted in the unsaturated-zone flow model. The "observed" geochemistry 
should be compared to the predicted geochemical environments using appropriate geochemical 
reaction path models.  

Drift-Scale Thermo-Chemical Model. The aqueous geochemistry in the vicinity of the waste 
packages may be significantly altered from the ambient geochemistry as a result of the materials 
emplaced in the drifts (both intentionally and unintentionally) and the thermal regime imposed due 
to the emplacement of the waste. The change in the geochemical environment may impact the 
waste package degradation (i.e., corrosion) and radionuclide transport properties of the in-drift 
materials. This alteration may extend into the rock itself. Predictions of the drift-scale thermo
chemical environment require an appropriate thermo-chemical model. This model should be 
substantiated, to the extent practical, using laboratory information and appropriate natural analogs.  
The representativeness of the model used to make the near-field geochemical environment 
predictions should be discussed.  

Waste Form Dissolution Model. Once water comes into contact with the waste form, the waste 
form can be altered and the radionuclides can be dissolved. The rate of alteration and subsequent 
dissolution is dependent on a number of environmental factors (notably the hydrology, geochemistry 
and temperature) and the nature of the waste form surfaces exposed to these conditions. Laboratory 
investigations of possible alteration and dissolution rates given a range of environments have been 
underway for some years. The applicability of these laboratory-determined rates to expected in-situ 
conditions has to be postulated and subsequently substantiated. This substantiation may utilize 
natural analogs of uranium ore deposits in unsaturated media (such as the Pena Blanca site being 
investigated by NRC). In addition to the laboratory dissolution rates (commonly normalized to the 
exposed surface area of the test material), the range in possible spent fuel and glass surface areas 
as a function of environmental conditions should also be defined. As with any laboratory derived 
parameter, the applicability of this parameter to actual conditions should be discussed and the 
uncertainty and possible variability described.  

Regional and Site-Scale Saturated Zone Flow Models. The ultimate point of release of the aqueous 
radionuclides is to the saturated zone. Predicting the ambient flow in the saturated zone is important 
to define the potential ground-water flow paths to the accessible environment. The ambient 
saturated-zone hydrology is also important because it defines the initial condition for any subsequent 
modifications due to future climate changes. As with the unsaturated-zone flow model, the regional
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and site-scale saturated-zone flow models should be compared to all relevant potentiometric 
information during the calibration process as well as geochemical indications of the regional flow 
directions and rates. Of particular importance is the degree of mixing, including dispersion, of 
different ground-water flow systems along the likely travel path from the potential repository to the 
defined location of the critical group. The uncertainty and variability of the developed model should 
be presented. This may be accomplished by presenting a range of possible flow fields which 
capture the range of possible hydraulic properties and hydrologic boundary conditions.  

Volcanic Direct and Indirect Effects Models. The possibility of future volcanic processes needs to 
be considered in postclosure performance assessment if the probability of these processes occurring 
within some reasonable distance of the potential repository is greater than a specified limit (on the 
order of I0. over 04 years). Direct effects of such volcanic processes imply the direct exhumation 
of a certain percentage of the waste. The direct effects are controlled by the geometric and physical 
properties of the extrusive magma body. Indirect effects are related to changes in the ambient 
properties (thermal, hydrologic, geochemical) caused by an intrusive magma body located in the 
vicinity of the potential repository. While it may be possible to predict the magnitude of such 
changes by perturbing the ambient process models, it is likely that other indirect effects will be 
controlled by the physical/chemical attributes of the intruding body itself. One approach to 
addressing the indirect effects uses natural analogs of similar intrusive-bodies in similar geologic 
and hydrogeologic settings. The uncertainty in the range of indirect effects should be qualitatively 
defined and substantiated. Note that the consequences of the indirect effects will be evaluated as 
part of the total system performance assessment.  

Climate Change Indirect Effects Model. If the past is any indication of the future, then the climate 
in the Yucca Mountain area will change over the time period of concern (up to 1,000,000 years).  
Although climate change does not directly affect repository performance, the indirect effects of 
climate change may be significant. These indirect effects may include a change in infiltration rate 
(with a corresponding change in percolation flux at depth) and a change in the water table elevation.  
Although it is possible to predict the transient effects associated with given climate changes, it is 
important to also provide a basis for such predictions. Therefore, it is useful to compare possible 
past climates with indications of past fluxes or water table elevations in the Yucca Mountain 
climate. The uncertainty in the predicted effects should be quantified to the extent practical.  

General Observations. As noted earlier, information from site characterization, and design- related 
and research activities over the next few years is expected to result in significant progress in the 
development of process models which are representative of the site. The incorporation of this body 
of knowledge in future total system performance assessments, albeit in an abstracted/simplified 
fashion, requires: (a) the testing of the abstraction methodology for some baseline case, and (b) the 
generation of abstractions which cover the expected range of conditions. A paradigm for the testing 
of abstractions is shown in Figure 7.2-2 and has been demonstrated for the unsaturated hydrologic 
system in Section 7.2. In what follows, a generic approach for the development of abstractions is 
presented.  

Based on the appropriate process model (e.g., UZ flow), identify a set of alternate conceptual 
models (e.g., ECM, nonequilibrium flow) and the corresponding range of spatial 
variability/parameter uncertainty (e.g., variations in Kj) and driving forces (e.g., infiltration 
rates).
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For several equally probable representations of the physical system (e.g., unsaturated zone), 
perform detailed calculations using a multi-dimensional process model.  

Map the performance measures of interest (e.g., pore velocity) into a simplified description 
of the physical system consistent with that implemented in the TSPA code. Also, develop 
a response surface of the performance measure (e.g., pore velocity) as a function of the 
driving force (e.g., infiltration rate) that includes the effects of various conceptual and 
parameter uncertainties.  

Use these response surfaces as an integral component of the probabilistic performance 
assessments.  

Future iterations of TSPA should thus be based on more representative process models of the natural 
and engineered systems and should rely on abstractions which cover a broader range of parameter 
and conceptual uncertainties.  

10.7 CONSERVATIVE AND NONCONSERVATIVE FACTORS INFLUENCING THE 
PREDICTED RESULTS 

A large number of sensitivity and uncertainty analyses have been performed during the course of 
this iteration of total system performance assessment. These analyses are presented and discussed 
in Chapters 5, 8 and 9 and are summarized in Section 10.2. Such analyses are always an important 
component of any performance assessment. They provide an important means to gain insights into 
those components, processes, models and parameters which most significantly affect the predicted 
waste containment and isolation over the time periods of interest.  

While many useful conclusions have been reached on the basis of the sensitivity analyses performed, 
it is also instructive to step back a little and examine in a more qualitative fashion the implications 
of some of the assumptions made in the development of the total system performance assessment.  
The implications may be in the direction of improving the predicted performance (when the 
conservative assumptions are relaxed) or in the direction of degrading the predicted performance 
(when the nonconservative assumptions are tightened).  

The following discussion addresses the entire system, i.e., the contribution of both the engineered 
and natural components and is irrespective of the time period of regulatory concern. It is important 
to point out that while the relativ importance of a particular component, process, model, or 
parameter may depend strongly on the time period of interest, the absolute importance is generally 
independent of the time frame considered. This is probably not as true for externally-initiated 
features, events or processes (such as volcanism or other tectonic processes) which have an 
increased probability of occurring, for a constant recurrence interval, as the time period of interest 
is increased.  

10.7.1 Significance of Nonconservative Assumptions 

The question of the significance of nonconservative assumptions may be posed as follows: What 
components, processes, models, or parameters could, with some reasonable likelihood, be 
sufficiently different from the assumptions made in the current TSPA iteration, such that the
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predicted releases or doses could be a factor of 100 to 1000 greate than those presented in Chapter 
9? 

Percolation Flux. The primary factor which could cause a significant increase in the predicted 
releases or doses at the accessible environment is the unsaturated-zone percolation flux.  
Significantly greater percolation flux values (on the order of 10 mm/yr) would be expected to 
increase the percentage of waste packages experiencing advective release from the EBS and the 
magnitude of that advective release if no hydraulically-engineered barrier (such as a capillary barrier 
or drip shield) were emplaced in the drifts. At some percolation flux, the limiting factor on the 
predicted release from the EBS would be the dissolution rate of the waste form itself, which in the 
present analyses is quite conservative. While increasing the percolation flux also decreases the 
advective travel time in the unsaturated zone and therefore increases the possible release of key 
radionuclides to the accessible environment, travel time does not appreciably affect the peak dose 
because the dominant dose contributor is always 237Np (at the higher percolation flux values), and 
it is released eventually anyway.  

Dose Conversion Factor. An additional factor that may increase the predicted dose above the values 
presented in Chapter 9 is the dose conversion factor. This factor, which converts concentrations to 
doses, has been derived from an EPA reference, but it is possible that revised biosphere modeling 
of ingestion pathways and bioconcentration factors may affect the conversion factor. It is 
recommended that the EPA delineate this conversion ratio as part of their rulemaking process 
assuming they accept the notion of dose- or risk-based total system performance.  

Radionuclide Solubility. Given that it is neptunium which generally controls the predicted peak 
dose at the higher percolation flux values (it may be iodine or technetium at lower percolation flux 
values), .the solubility of this radionuclide plays a significant role. The assumed solubility value of 
this radionuclide is already considered to be at the realistic-conservative end of the expected range.  
Therefore, increasing this value substantially is not believed reasonable. In addition, even if the 
value were increased, one would quickly reach a point where the dissolution rate would control the 
release of this radionuclide (assuming a significant advective release component through the EBS).  

Colloidal Radionuclide Transport, Finally, colloidal transport of radionuclides has not been 
considered in the present TSPA analyses. Although natural- and/or radio-colloids may be formed 
in the waste package environment, their stability and mobility is uncertain. For those nuclides 
which may exist as a colloidal phase and which are also stable and mobile, their transport to the 
accessible environment may be significantly enhanced if the colloidal matter does not sorb onto the 
rock. In such a scenario, albeit unlikely, the peak concentration of some key dose-producing 
radionuclides (especially plutonium) may be significantly increased which would also increase the 
predicted dose.  

Combined Effects on Nonconservative Assumptions, In sum, considering all of the above factors, 
the maximum increase in the predicted long term dose above the values presented in Chapter 9 is 
expected to be on the order of 1000; with a factor of 10 due to the percolation flux, a factor of 30 
due to the dose conversion factor, and a factor of 3 due to colloidal transport.
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10.7.2 Significance of Conservative Assumptions

The question of the significance of conservative assumptions may be posed as follows: What 
components, processes, models, or parameters could, with some reasonable likelihood, be 
sufficiently different from the assumptions made in the current TSPA iteration, such that the 
predicted releases or doses could be a factor of 100 to 1000 I= than those presented in Chapter 
9? In answering this question, virtually every element of the total system is a candidate for 
discussion. A large number of conservative assumptions have been made that would tend to 
significantly impact the predicted long term release or dose if the assumptions were relaxed or if 
the nonconservative end of the parameter space was considered.  

Percolation Flux, For example, when considering the lowest percolation fluxes, the peak dose is 
reduced by about 100 to 1000, even when the release of 1291 from the EBS is in the gaseous phase.  
Releasing 1291 in the aqueous phase reduces the peak dose an additional factor of 100 to 1000. Low 
average percolation fluxes have two very positive effects, namely reducing the EBS release rate 
(because the advective component of the release is reduced) and increasing the travel time (because 
the propensity for fracture flow and transport is reduced and the matrix velocities are lower).  

Waste Package Failure, Limiting the available inventory by either extending the lifetime of a 
certain fraction of the waste packages or incorporating the potential contribution of cladding has a 
positive effect on the predicted performance. Therefore, although the time of waste package failure 
may not be so important in peak dose calculations (even in the most optimal degradation model, 
some packages have failed by 100,000 years), the fact that only a small fraction of the packages 
have failed for certain assumptions is still important. This might contribute a factor of 10 to 100 
to reducing the peak release and dose.  

Saturated-Zone Dilution and Dispersion. An important conservatism that significantly affects the 
predicted peak dose is the determination of the amount of mixing due to dilution and dispersion in 
the saturated zone. For the present analyses, the only dispersive mixing is assumed to occur in the 
vertical plane to a depth of 50 m below the top of the water table. Transverse dispersion would not 
be considered significant over the 5-km distance to the accessible environment. Also, longitudinal 
dispersion has a minimal effect when considering essentially a constant source term. However, if 
one considers the mixing possible between the repository and the ultimate point of ground-water 
discharge (whether 30 km down-gradient in the Amargosa Valley or 80 km down-gradient at 
Franklin Lake Playa), then significant reductions (about a factor of 100) in the peak concentrations 
and doses would result.  

Radionuclide Solubility, In those cases where the neptunium release dominates the peak dose, the 
neptunium solubility plays a key role. It has been suggested that the neptunium solubilities used.  
in the TSPA analyses are based on experiments that represent metastable equilibrium concentrations 
and that the actual equilibrium concentration may be several orders of magnitude lower. If this 
were the case, neptunium would be replaced by either technetium or iodine as the peak dose 
contributor. This would lower the peak dose by an order of magnitude.  

Combined Effects of Conservative Assumptions. Combining the above factors (not all of which are 
multiplicative because different radionuclides are controlling the peak dose depending on the 
conceptual model and parameter assumptions incorporated) could yield a reduction in the peak dose
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by about a factor of 108. This factor is the product of about a factor of 300 due to the percolation 
flux, a factor of about 300 for the aqueous release of 129, a factor of 10 for cladding effects, and 
a factor of 100 for saturated zone dispersion and dilution. In this case, the principal radionuclide 
would be either 99Tc or 1291.  

It should come as no surprise that the above issues are the key factors in the assessment of the total 
system performance of the Yucca Mountain potential repository. These are the same factors noted 
in every other countries' assessment of their potential repository concepts 3. A more detailed 
comparison of these studies with the current analyses is beyond the intent of the present discussion.  

10.8 FUTURE TSPA ACTIVITIES 

Virtually every scientific or technical report ends with a section on the knowledge gained during 
the course of the study and the needs for additional investigations to improve/refine the conclusions 
reached as a result of the study.' In many regards, performance assessment documents are a little 
different. Although the need for additional investigations to substantiate assumptions made in the 
analyses is identified, other YMP organizations than performance assessment are responsible for 
conducting these investigations, which include (1) collecting, interpreting and synthesizing the data, 
(2) developing substantiating, and testing the process-level models, and (3) documenting all of the 
above. Based on the anticipated improvement in understanding and its corresponding 
documentation, performance assessment can then evaluate the significance of the uncertainty which 
is likely to still remain. While there is certainly much more that performance assessment could do 
in the way of additional sensitivity analyses of alternative conceptual models of the natural and 
engineered barrier systems, the highest priority performance assessment activity in the coming year 
is a detailed technical analysis of the robustness of the process models being developed and 
documented. In addition, considering that the next full iteration of total system performance 
assessment will occur in the Fiscal Year 1997-1998 time frame, a significant effort is involved in 
assuring that the developed and substantiated process models can be appropriately abstracted for use 
at that time. This will require substantial integration of the various technical disciplines to assure 
the completeness and representativeness of the analyses conducted at that time.  

3 See Neall et al., (1995) for a comparison of recent total system performance assessments 
conducted by the high-level radioactive waste disposal programs in Sweden (SKB 91), 
Finland (TVO 92), Canada (AECL 94), Japan (H-3) and Switzerland (Kristillin-1).
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Table 10.6-1 List of Process Level Models Required by Performance Assessment for 
Development of Future TSPA Abstractions

Potentially higher priority if there is no backfill in the drift.  
2 It is recommended that this model be prescribed during EPA rulemaking if a dose- or risk- based 

performance measure is selected.
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Priority Process Model

Priority __Process Model 

1 Site-scale UZ hydrology model(s) (ambient) 
3 Repository-scale UZ thermo-hydrology model(s) 
3 Site-scale UZ geochemical model(s) (ambient) 
1 Drift-scale thermo-hydrology model(s) 
3 Drift-scale thermo-chemical model(s) 
4 Drift-scale thermo-mechanical model(s) 
4 Drift-scale coupled T-H-C-M model(s) 
2 Waste package degradation model(s) 
4 Cladding degradation model(s) 
3 Waste form dissolution model(s) 
2 Waste-package-scale thermo-chemical model(s) (solubility) 

2 Drift-scale transport model(s) 
3 Site scale UZ transport model(s) 
3 Regional and site scale SZ flow model(s) 
3 Site scale SZ transport model(s) 
3 Biosphere transport model(s) 2 

4 Tectonics direct and indirect effects model(s) 
3 Volcanics direct and indirect effects model(s) 
2 Climate change indirect effects model(s)



Table 10.6-2- Example Observations Used to Evaluate Representativeness of Process Models

Priority Process Model Example Comparison to Observations

UZ Hydrology 

Drift-scale thermo
hydrology 

Degradation 

Solubility 

Drift-scale transport 

UZ transport 

Repository-scale thermo
hydrology 
UZ geochemical 
Drift-scale thermo
chemical 
Waste form dissolution 

Volcanic effects 

Regional-site SZ 
hydrology 

Climate

In-situ saturations 
Air phase flow rates and pressures following 
storm events 
ESF ventilation humidity and aqueous flux (if 
observed) 
Ground-water ages in the UZ 
G-tunnel experiments 
Laboratory tests 
Small-scale (temporal and spatial) tests 
conducted from the ESF 
Natural analogs 
Observed pitting corrosion rates in candidate 
materials 
Corrosion of analog materials 
Laboratory tests 
Natural analogs 

Laboratory diffusion experiments 
ESF transport experiments 
P-tunnel transport experiments 
In-situ saturations 
Ground-water ages in the UZ 
Gaseous ages in the UZ 
In-situ transport experiments 
Natural analogs 
Performance confirmation tests 
Ambient observed geochemistry 
Laboratory scale tests 

Laboratory tests under range of hydrologic 
and geochemical conditions 
Natural analogs 
Natural analogs in the site and region 
Potentiometric levels 
Ground-water ages in the SZ 

Pleistocene playa lake levels 
Calcite vein deposits
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Table 10.6-3. Example Evaluation Measures Used to Determine Significance of Process Models

Priority I Process Model I Possible Evaluation Measures

UZ Hydrology 

Drift-scale thermo
hydrology 

Degradation 

Solubility 

Drift-scale transport 

UZ transport 

Repository-scale 
thermo-hyd.

Percolation flux at repository horizon (variability and uncer
tainty) 
Percent of flux through fractured media at repository hori
zon (variability and uncertainty) 
Travel path length in UZ from repository to water table 
(variability and uncertainty) 
Transient nature of impact of climate change on percolation 
flux (variability and uncertainty) 

Humidity in drift (uncertainty and variability) 
Temperature in drift (uncertainty and variability) 
Advective flux in drift (uncertainty and variability) 
Saturation in drift (uncertainty and variability) 

Criteria for pit initiation (uncertainty) 
Pitting corrosion rate for corrosion allowance materials, 
corrosion resistant materials and moderately corrosion resis
tant materials (uncertainty) 
Effect of near-field geochemical environment on pitting 
corrosion rates 
Effect of near-field thermohydrologic environment on 
pitting corrosion rates 
Time for first pit to penetrate a waste package (uncertainty 
and variability) 
Time for 1000 th pit to penetrate a waste pack
age(uncertainty and variability) 

Solubility of radionuclides (uncertainty) 
Effect of near-field geochemical environment on solubilities 
(uncertainty and variability) 
Effect of near-field thermohydrologic environment on solu
bilities (uncertainty and variability) 
Effect of colloids on solubility (uncertainty and variability) 

EBS release rate normalized to NRC limits 

Travel time of unretarded species from repository to water 
table (uncertainty and variability) 
Travel time of retarded species from repository to water 
table (uncertainty and variability) 

Thermally perturbed travel time of unretarded species from 
repository to water table (uncertainty and variability) 
Temperature at specified location (TBD) (uncertainty and 
variability)
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Table 10.6-3. Example Evaluation Measures Used to Determine Significance of Process Models 
(Continued)

10-30

Priority Process Model Possible Evaluation Measures 

3 UZ geochemical Retardation coefficients (uncertainty and variability) 
Retardation coefficient changes with geochemistry and ther
mo-hydrology (uncertainty and variability) 
Travel time of retarded species from repository to water 
table (uncertainty and variability) 

3 Drift-scale thermo- ph, Eh, DOC in drifts (uncertainty and variability) and 
chemical function of thermo-hydrology 

3 Waste form dissolu- Dissolution rates as functions of T-H-C environments 
tion (uncertainty and variability) 

EBS release rate normalized to NRC limits 

3 Volcanic effects Evaluation of doses
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