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EXECUTIVE SUMMARY

The U.S. Environmental Protection Agency (EPA) determined in 1998 that the Waste Isolation
Pilot Plant (WIPP} was in compliance with the Containment Requirements of Title 40 Code of
Federal Regulations (CFR) 191.13 (U.S. EPA, 1998). The WIPP Land Withdrawal Act (LWA),
Public Law 02-579 as amended by Public Law No. 104-201, requires the U.S. Department of
Energy (DOE) to provide the EPA with documentation of continued compliance with the
disposal standards within five years of first waste receipt and every five years thereafter.
Therefore, the DOE conducted a new performance assessment (PA) for the WIPP which is called
the CRA-2004 PA and is documented in U.S. DOE (2004).

During review of U.S. DOE (2004), the EPA required several changes to the PA. These changes
were included in a PA, the CRA-2004 Performance Assessment Baseline Calculation (PABC).
With the EPA’s recertification decision in 2006, the CRA-2004 PABC was established as the PA
baseline. Continued review of the CRA-2004 PABC has shown that a number of technical
changes and corrections are necessary. Furthermore, updates to parameters and improvements to
the PA computer codes have been developed since the recertification decision. To incorporate
the changes and updates, a new PA, the 2009 Compliance Recertification Application
Performance Assessment (CRA-2009 PA) has been conducted.

The CRA-2009 PA demonstrates that the WIPP continues to comply with the Containment
Requirements of 40 CFR § 191.13. Containment Requirements are stringent and state that the
DOE must demonstrate a reasonable expectation that the probabilities of cumulative radionuclide
releases from the disposal system during the 10,000 years following closure will fall below
specified limits. The PA analyses supporting this determination must be quantitative and
consider uncertainties caused by ail significant processes and events that may affect the disposal
system, including future inadvertent human intrusion into the repository. A quantitative PA is
conducted using a series of linked computer models in which uncertainties are addressed by a
Monte Carlo procedure for sampling selected input parameters.

As required by regulation, results of the PA are displayed as complementary cumulative
distribution functions (CCDFs) that display the probability of exceeding various levels of
cumulative releases from the disposal system. These CCDFs are calculated using reasonable
and, in many cases, conservative conceptual models based on the scientific understanding of the
disposal system’s behavior. Parameters used in these models are derived from experimental
data, field observations, and relevant technical literature.

The overall mean CCDF continues to lie entirely below the specified limits and the WIPP
therefore continues to be in compliance with the containment requirements of 40 CFR § Part
191, Subpart B. No releases are predicted to occur at the ground surface in the absence of human
intrusion. Sensitivity analysis of results shows that the location of the mean CCDF is dommated
by radionuclide releases that could occur on the surface during an inadvertent penetration of the
repository by a future drilling operation. Cuttings and cavings still dominate this release.
However, the contributions from both spallings and direct brine release have increased compared
to the results of the CRA-2004 PABC (Dunagan 2008), with direct brine release the second
largest contributor to surface releases. Direct brine releases even surpass cuttings and cavings at
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low probabilities. Both spallings and direct brine releases have increased due to the increased
pressure in the repository as a result of the increase in the sampled halite porosity. Releases of
radionuclides to the accessible environment resulting from transport in groundwater through the
shaft seal systems and the subsurface geology are negligible, with or without human intrusion,
and make no contribution to the location of the mean CCDF. The natural and engineered barrier
systems of the WIPP provide robust and effective containment of transuranic (TRU} waste even
if the repository is penetrated by multiple boreholes.
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1. INTRODUCTION
1.1 BACKGROUND

The Waste Isolation Pilot Plant (WIPP) is located in southeastern New Mexico and has been
developed by the U.S. Department of Energy (DOE) for the geologic (deep underground)
disposal of transuranic (TRU) waste (U.S. DOE 1980; 1990; 1993). In 1992, Congress
designated the U.S. Environmental Protection Agency (EPA) as the regulator for the WIPP site,
and mandated that once DOE demonstrated to EPA's satisfaction that WIPP complied with Title
40 of the Code of Federal Regulations (CFR), Part 191 (U.S. DOE 1996; U.S. EPA 1996), EPA
would certify the repository. To show compliance with the containment regulations, the DOE
had their scientific advisor, Sandia National Laboratories (SNL), develop a computational
modeling system to estimate the future performance of the repository for 10,000 years after
closure. SNL has developed a system, called WIPP Performance Assessment (PA), which
examines potential release scenarios, quantifies their likelihoods, and estimates potential releases
to the surface or the site boundary. The regulation also requires that these models be maintained
and updated with new information as part of a recertification process that occurs at five-year
intervals after the first waste is received at the site.

1.2 COMPLIANCE CERTIFICATION APPLICATION

To demonstrate compliance with the disposal regulation, the DOE submitted the Compliance
Certification Application (CCA) to the EPA, in October 1996, which included the results of the
WIPP PA system. During the review of the CCA, the EPA requested an additional Performance
Assessment Verification Test (PAVT), which revised selected CCA inputs to the PA (SNL
1997). The PAVT analysis ran the full suite of WIPP PA codes and confirmed the conclusions
of the CCA analysis that the repository design met the regulations. Following the receipt of the
PAVT analysis, EPA ruled in May 1998 that WIPP had met the regulations for permanent
disposal of transuranic waste. The first shipment of radioactive waste from the nation's nuclear
weapons complex arrived at the WIPP site in late March 1999, starting the five-year clock for the
site’s required recertification. The results of CCA PA analyses were subsequently summarized
in a SNL report (Helton et al. 1998).

1.3 2004 COMPLIANCE RECERTIFICATION APPLICATION

The 2004 Compliance Recertification Application (CRA-2004) was submitted to the EPA by the
DOE in March 2004 (U.S. DOE 2004). During its review of the CRA-2004, the EPA requested
additional information (Cotsworth 2004a; 2004b; 2004¢; 2004d; Gitlin 2005). The DOE and
SNL responded to the EPA in writing (Detwiler 2004a; 2004b; 2004c; 2004d; 2004e; Piper 2004;
Triay 2005; Patterson 2005) and by engaging in technical meetings with the EPA staff. As a
result of these technical interactions, the EPA instructed the DOE to revise the CRA-2004 PA
and run another PA. This PA is referred to as the CRA-2004 Performance Assessment Baseline
Calculation (CRA-2004 PABC). With the EPA’s recertification decision in 2006, the CRA-2004
PABC was established as the PA baseline.
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1.4 OBJECTIVES FOR THE CRA-2009 PA

Continued review of the CRA-2004 PABC has shown that a number of technical changes and
corrections are necessary. Furthermore, updates to parameters and improvements to the PA
computer codes have been developed since the recertification decision. To incorporate the
changes and updates, a new PA has been conducted, which is called the 2009 Compliance
Recertification Application Performance Assessment (CRA-2009 PA). The changes
implemented in the CRA-2009 PA are discussed below in Section 2.0 and the results are
discussed in Sections 4, 5 and 6. The objective of this report is to summarize the CRA-2009 PA
results and how they were obtained. The CRA-2009 PA was directed by Analysis Plan for the
Performance Assessment for the 2009 Compliance Recertification Application, Revision 1, AP-
137 (Clayton 2008b),
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2. UPDATES FROM CRA-2004 PABC TO CRA-2009 PA

The CRA-2009 PA is very similar to the CRA-2004 PABC. PA includes an analysis of the
features, events, and processes (FEPs) that may have bearing on the performance of the
repository. The FEPs are screened to determine which FEPs are retained in PA; these screened-
in FEPs are combined into scenarios for the PA calculations.

A FEPs impact assessment was conducted according to SP 9-4 (Kirkes 2005b) in support of the
CRA-2009 PA to determine if the changes associated with the CRA-2009 PA created any
inconsistencies or conflicts with the current FEPs baseline. The FEPs impact assessment did not
identify any inconsistencies, omissions, or other problems with the current baseline in
consideration of the proposed changes for the CRA-2009 PA (Kirkes 2008). The assessment
concluded that no revision to the baseline FEPs list (Kirkes 2005a) or the baseline FEPs
screening document (U.S. DOE 2004, Appendix PA, Attachment SCR) was warranted due to the
changes associated with the CRA-2009 PA (Kirkes 2008).

Scenarios are formulated from FEPs. The scenarios are modeled using conceptual models that
represent the physical and chemical processes of the repository. The scenarios for the CRA-
2009 PA and the CRA-2004 PABC are identical. The conceptual models are implemented
through a series of computer simulations and associated parameters that describe the natural and
enginecered components of the disposal system (e.g., site characteristics, waste forms, waste
quantities, and engineered features). In general, the modeling and the parameters in the CRA-
2009 PA are the same as the CRA-2004 PABC, except for the following changes:

1. Modification and improvements to:
. the parameter representing the maximum flow duration for DBRs;
b. the sampling method applied to the humid and inundated cellulose, plastic and
rubber (CPR) degradation rates;
the BRAGFLO computer code used in the PA;
include additional chemistry modeling in BRAGFLO;
capillary pressure and relative permeability models; and
the DBR parameter calculations for the well productivity index and material
permeabilities.
2. Update of the drilling rate (GLOBAL:LAMBDAD) as required by 40 CFR § 194.15.
3. Ermor corrections to:
a. account for CPR contents in emplacement materials in the inventory;
b. halitefdisturbed rock zone porosity parameters;
c. the fraction of repository volume occupied by waste; and
d. the input files for the direct brine release (DBR) calculations and the NUTS code.
None of these changes are expected to significantly impact releases. These changes are being
incorporated for completeness and correctness, and are discussed below in further detail.

mooao

2.1 DURATION OF DIRECT BRINE RELEASES
In the WIPP PA intrusion scenarios, it is hypothesized that brine containing radionuclides could

be expelled from repository to the land surface during or directly following the drilling intrusion
if repository pressures and brine saturations are sufficiently high (Stoelzel and O’Brien 1996).
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The expelled brine volumes are termed DBRs. The duration of a DBR event is constrained by
the parameters BLOWOUT:MINFLOW and BLOWOUT:MAXFLOW. The parameter
BLOWOUT:MINFLOW represents the minimum DBR duration time, and the parameter
BLOWOUT:MAXFLOW represents the maximum DBR duration time. For the CRA-2004
PABC the minimum and maximum DBR durations were set to 3 days and 11 days, respectively.

Analysis Plan for the Modification of the Waste Shear Strength Parameter and Direct Brine
Release Parameters, AP-131 (Kirkes and Herrick 2006) describes an analysis that was conducted
to reexamine the values of the mintmum and maximum DBR duration parameters
(BLOWOUT:MINFLOW and BLOWOUT:-MAXFLOW). The resuits of the AP-131 analysis
showed that the value for BLOWOUT:MAXFLOW should be decreased from 11 days to 4.5
days, while the value for BLOWOUT:MINFLOW should remain at 3 days (Kirkes 2007). The
updated maximum DBR duration was used in the CRA-2009 PA

2.2 CPR DEGRADATION RATE

The WIPP PA brine and gas flow model includes gas generation from the microbial degradation
of CPR materials. The model assumes that the gas generation occurs at a given rate, whose
possible range was determined from laboratory experiments. Although the inundated and humid
microbial degradation rates for cellulose are nominally independent, there is a physical
connection between the two distributions, as the humid rate can not be faster than the inundated
rate, and therefore should have a lower value than inundated rate.

In general, no correlation was imposed between the inundated and humid microbial cellulose
degradation rate, and so it is possible that the Latin Hypercube Sampling code, LHS, may sample
a humid rate that is higher that the inundated rate for a single vector. For the CRA-2004 PABC,
a conditional relationship was enforced in the preprocessing step for the BRAGFLO calculations.
This relationship was implemented by setting the humid rate equal to the inundated rate if the
sampled humid rate was higher than the inundated rate for a single vector. Changing these
values this way introduced a small error into the sensitivity analysis because the regression
analysis was based on the sampled value rather than the conditional values.

For the CRA-2009 PA, a conditional relationship was applied such that the sampled inundated
rate is used as the maximum, in the sampling for the humid rate if the sampled humid rate was
higher than the inundated rate for a single vector. This conditional relationship results in a
correlation of 0.74 between the humid and inundated rates (Kirchner 2008a). The conditional
relationship was applied during the LHS process. The LHSEDIT utility was developed to
account for this conditional relationship. The implementation and verification of the LHSEDIT
utility is discussed in Kirchner (2008a).

2.3 BRAGFLO CODE IMPROVEMENTS

BRAGFLO version 5.0 was used for the CRA-2004 PABC. BRAGFLO version 6.0 was
developed to incorporate additional capabilities and flexibility (Nemer 2007a). This code also
includes a few additional modifications, such as rate smoothing algorithms and use of effective
saturations, to improve code stability. These changes are detailed in Nemer (2007b, 2007,
2007f). Many of the changes added to improve code robustness were included in the CRA-2009
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PA, which were not part of the CRA-2004 PABC. These changes are not expected to affect
releases, but are expected to increase code robustness. The effects of the changes are addressed
in the BRAGFLO analysis report (Nemer and Clayton 2008). A bref discussion of the changes
included in the CRA-2009 PA is given below.

One addition to improve code robustness is the use of a numerical parameter called the cut off
saturation (Nemer 2007b, 2007f). Brine consuming reactions such as anoxic iron corrosion and
MgO hydration tend to dry out the repository. As BRAGFLO is a two-phase code, numerical
difficulties can be encountered when one phase completely disappears. The cut off saturation is
introduced as the lower bound in saturation that is considered numerically dry.

An additional rate smoothing step based on the concentration available was added to BRAGFLO
version 6.0. This was added to smooth the derivative near reaction completion to increase code
robustness (Nemer 2007b, 2007T).

The capability to control initial conditions was modified for BRAGFLO version 6.0. Additional
flexibility was added to the “Reset” material, which controls the initial condition for materials
(Nemer 2007b, 2007f). The “Reset” material options were expanded to increase the
transparency. The change also allowed the “Reset” materials to be applied to areas that are not
specifically waste areas. For the CRA-2004 PABC, since the “Reset” materials were coupled
with the areas that contain waste, the initial saturation of excavated area that did not include
waste (shaft, panel closure materials, etc.) were set to be fully saturated during the excavation
time.

Furthermore, BRAGFLO version 6.0 has the added capability to change the pressure, saturation
and concentrations in a material at the time of a material change. For the CRA-2009 PA this
capability was used to reset the concentrations (not the pressure or saturation) of the borehole
material, when an intrusion into the repository occurs. This is done for consistency, as the iron,
CPR, etc. would be removed from the borehole by the intrusion.

2.4 ADDITIONAL CHEMISTRY MODELING IN BRAGFLO

BRAGFILO version 6.0 was developed to incorporate additional capabilities and improve code
robustness. One of the added capabilities incorporated into BRAGFLO version 6.0 (that was not
used for the CRA-2009 PA) is to be able to model the magnesium oxide (MgO) hydration
reaction. Furthermore, additional flexibility was added to the CPR degradation, iron corrosion,
iron sulfidation and MgO carbonation reactions that were already present [BRAGFLO version
6.0 has all the same functionality as version 5.0 (Nemer 2007g)]. Another capability included
into BRAGFLO version 6.0 is the calculation of the volume of solids generated due to the
chemical reactions.

The additional capabilities may be used in future calculations if deemed appropriate, but are
mentioned here only to comprehensively describe the changes implemented in BRAGFLO
version 6.0. Supplementary chemistry parameters were introduced as part of the additional
capabilities and flexibilities (Clayton and Vugrin 2007). Many of the additional parameters were
not used in the calculation. A discussion of the additional parameters and their effect on the PA
is given in Nemer and Clayton (2008).
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2.5 CAPILLARY PRESSURE AND RELATIVE PERMEABILITY MODEL

Nemer (2007b, 2007f) recommends using a modified capillary pressure and relative permeability
model for open cavities. The open cavities modeled in BRAGFLO include the operational and
experimental areas of the repository. The modified model uses zero capillary pressure and
removes the capillary pressure effects from the relative permeability model for the open cavities.
The previous model used in the CRA-2004 PABC had zero capillary pressure, but still included
capillary pressure effects on the relative permeability model. The modified model is more
appropriate because capillary pressure effects are not present in an open cavity. The effects of
using the modified model for the open cavities is minimal (Nemer and Clayton 2008), but was
included for consistency.

In BRAGFLO version 6.0, a cut off saturation (see Section 2.3) is used to determine when the
computational cell is effectively dry and no chemical reactions are taking place. A modified
capillary pressure and relative permeability model was developed such that the model would be
independent of the cut off saturation value (Nemer 2007b, 2007f). Only the capillary pressure
part of the capillary pressure and relative permeability model was modified as the relative
permeability model is unchanged from the previous model.

The modified capillary pressure and relative permeability models were used in the CRA-2009
PA. Because of numerical difficulties, capillary pressure has been turned off in the waste-filled
areas since the CCA. Thus the modified models have no impact on the results of the CRA-2009
PA (Nemer and Clayton 2008), but were included for completeness.

2.6 DBRINPUT PARAMETER CALCULATION

Modifications to the calculation procedure were made for the CRA-2009 PA DBR calculations
to maintain consistency in the well productivity index and permeability parameters. The impact
of the modifications on the DBR calculations was minimal (Clayton 2008a), but the
modifications are included here to comprehensively describe the changes in the CRA-2009 PA.

The implementation and validation for the modified calculation procedure is discussed in
Clayton (2008a).

2.7 DRILLING RATE

WIPP regulations require that current drilling practices should be assumed for future inadvertent
intrusions. The DOE continues to survey drilling activity in the Delaware Basin in accordance
with the criteria established in 40 CFR § 194.33. Local well operators are surveyed annually to
provide the WIPP project with information on drilling practices, Castile brine encounters, etc.
and the results are documented in a summary report (U.S. DOE 2007). The 2007 summary
report shows that drilling practices have not changed from the CRA-2004 PABC with the only
difference being an increase in the drilling rate (GLOBAL:LAMBDAD) to 58.5 boreholes per
km? over 10,000 years or 0.00585 borcholes per km? per year versus 0.00525 boreholes per km®
per year which was used in the CRA-2004 PABC. The updated value for the parameter
GLOBAL.LAMBDAD was included into the CRA-2009 PA as an input in the CCDF
construction code, CCDFGF. A  comparison of the wvalues of the parameter
GLOBAL:LAMBDAD for the CRA-2009 PA and the CRA-2004 PABC is shown in Table 2-1.
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Table 2-1. Drilling rate parameter values.

e T T TG

e L

CRA-2004 PABC | 0.00525
CRA2009 PA | 000585

Drilling rate
Per unit area

GLOBAL:L AMBDAD

km?yr! | Constant

2.8 EMPLACEMENT INVENTORY

Leigh et al. (2005) gives a comprehensive description of the projected inventory that was used
for the CRA-2004 PABC. The CRA-2009 PA used the CRA-2004 PABC inventory with one set
of modifications. The CRA-2004 PABC included CPR materials in the waste and container
(packaging) materials that were also used in the CRA-2009 PA, but the CPR contents in
emplacement materials were erroneousty omitted from the CRA-2004 PABC (Nemer 2007c).
To correct this omission, six new parameters representing the density of CPR materials in
emplacement materials were created and used in the CRA-2009 PA. Four additional parameters,
which represent the density of cellulose and rubber materials in container (packaging) matenals,
were also used in the CRA-2009 PA.

Table 2-2 lists the names and descriptions of the CPR parameters used in the CRA-2009 PA,
including the ten additional parameters. The addition of the four container (packaging) CPR
parameters is done solely for book-keeping purposes since container (packaging) materials do
not contain cellulose or rubber materials, as seen by the zero values in Table 2-2. The CRA-
2009 PA used all the CPR parameters shown in Table 2-2.
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Table 2-2. Gellulose,

tastic and rubber parameters used in the CRA-2008 PA.
Jg B G - G R,

==

WAS_AREA: DCELLCHW Average deqsny of celluiosics in CH 60.0
waste materials

WAS_AREA: DCELLRHW Average der?suy of cellulosics in RH 93
waste materials

WAS_AREA: DCELCCHW* Average del_lsny of cellu_]osws in CH 00
waste confainer (packaging) materials

WAS_AREA: DCELCRHW* Average der.lsny of cellu:losms in RH 00
waste container (packaging) materials

WAS_ AREA: DCELECHW* Average density of cellulqsncs in CH 122
waste emplacement materials

WAS_AREA: DCELERHW* Average density of cellulo_sncs inRH 0.0
waste emplacement materials

WAS_ AREA: DPLASCHW Average deqsny of plastic in CH 43.0
waste materials

WAS_AREA: DPLASRHW Average deqsny of plastic in RH 2.0
waste materials

WAS_AREA: DPLSCCHwW | Average density of plasticin CH 17.0
waste container (packaging) materials

WAS_AREA: DPLSCRHW Average depsxty of plast‘lc inRH _ 11
waste container (packaging) materials

WAS_ AREA: DPLSECHW* Average density of plastlc.m CH 876
waste emplacement materials

WAS_AREA: DPLSERHW* Average density of plastlc_m RH 0.0
waste emplacement materials

WAS_AREA: DRUBBCHW Averape derfsuy of rubber in CH 13.0
waste materials

WAS_AREA: DRUBBRHW Average der§51ty of rubber in RH 6.7
waste materials

WAS AREA: DRUBCCHW* Average dCI.ISIIy of rubbf:r inCH . 0.0
waste container (packaging) materials

WAS_AREA: DRUBCRHW* Average derllsny of rubbfar inRH ‘ 0.0
waste container {packaging) materials

WAS_ AREA: DRUBECHW* Average density of rubber_m CH 0.0
waste emplacement materials

WAS_AREA: DRUBERHW* Average density of rubberlm RH 0.0
waste emplacement materials

*MNewly created for the CRA-2009 PA.

2.9 HALITE/DISTURBED ROCK ZONE POROSITY

An error in the determination of the intact halite porosity was discovered and reported in
Parameter Problem Report 2007-002 (Ismail 2007b). The maximum of the range was taken from
data reported in weight fraction without the conversion to volume fraction. Converting the
maximum value from a weight fraction to a volume fraction changed the value from 0.03 to
0.0519 (Ismail 2007c). The minimum and mode values of the distribution were not affected.
Furthermore, current WIPP PA practice for determining the disturbed rock zone (DRZ) porosity
is to increase the intact halite porosity value by 0.0029. Therefore, the maximum value of the
range for the DRZ porosity increased from 0.0329 to 0.0548. The corrected porosity was used in
the CRA-2009 PA.
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2.10 FRACTION OF REPOSITORY VOLUME OCCUPIED BY WASTE

The CRA-2009 PA used a different value for the parameter REFCON:FVW as that parameter
was modified after the CRA-2004 PABC to correct an error in its calculation. Parameter
Problem Report 2007-001 (Dunagan 2007) discusses the error and shows it had only a minor
impact on spallings, cuttings and cavings releases. A comparison of the REFCON:FVW values
for the CRA-2009 PA and the CRA-2004 PABC is shown in Table 2-3.

Fraction of repository volume occupied | CRA-2004 PABC 0.386

REFCON:T'VW

by waste in CCDFGF model CRA-Z009 FA (.385

2.11 INPUT FILE CORRECTIONS

Two inconsistencies were discovered in the input files used by the ALGEBRACDB code as part
of the DBR calculations {Clayton 2007). The first inconsistency involved the input file used to
set up the boundary conditions for the 83 scenario calculations. The 83 scenario consists of an
intrusion through the repository and a brine pocket, 1,000 years afier closure. The nirusion time
in the input file was incorrectly assigned the value of 350 years instead of 1,000 years. The
second inconsistency entailed the limits of integration used to calculate the DBR volume. The
integration limit was determined by a logic command of “if less than zero” when it should have
used “if less than or equal to zero”. The CRA-2009 PA included the corrections to the DBR
calculation input files.

Two discrepancies were noted in the input files for both the NUTS and ALGEBRACDB codes
as part of the Salado transport calculations (Ismail 2007a). The first discrepancy comprised the
incorrect definition of grid coordinates for the “North Rest of Repository”, which referenced
column 35 instead of column 36. The second discrepancy related to incorrect cell number
designations (1297, 1298 and 1299 instead of 1197, 1198 and 1199) used in the radionuclide
transport flux calculation. The CRA-2009 PA included the corrections to the Salado transport
calculation input files.
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3. CALCULATION METHODOLOGY

The WIPP PA quantifies the potential releases of radioactive materials from the disposal system
to the accessible environment over the 10,000-year regulatory period using a suite of numerical
models. These numerical models are implemented in various computer codes as shown in Figure
3-1. There is a significant amount of uncertainty associated with characterizing the physical
properties of geologic matertals that influence potential releases. WIPP PA considers both
subjective (epistemic) uncertainty and stochastic (aleatory) uncertainty. Properties such as
permeability and porosity are usually measured indirectly and can vary significantly depending
upon location. This uncertainty in the appropriate value to assign to certain physical properties is
termed subjective uncertainty. Subjective uncertainty can, in theory, be reduced by further study
of the system. Subjective uncertainty is dealt with in WIPP PA by running multiple realizations
in which the values of uncertain parameters are varied. To ensure that parameters are sampled
across their full ranges of uncertainty, Latin Hypercube Sampling (LHS) is used to create the
realizations. For the WIPP PA, the LLHS code (Vugrin 2005b) is used to create a “replicate” of
100 distinct parameter sets (“vectors”) that span a wide range of parameter uncertainty. Three
replicates are run for a total of 300 separate vectors to ensure that the Latin hypercube replicates
are representative. This is the start of the WIPP PA calculation.

For each of the 300 vectors, the other codes are run. The PANEL (Garner 2006) code quantifies
the mobilization of actinides by brine. BRAGFLO (Nemer 2007d) is used to calculate Salado
brine and gas flow. NUTS (Gilkey 2006) is used to calculate Salado radionuclide transport. The
CUTTINGS_S (Gilkey and Vugrin 2005) code is used to calculate single intrusion direct solids
releases via cuttings and cavings. The DRSPALL (Lord 2004) code is used to calculate single
intrusion direct solids releases via spallings, and the BRAGFLO code is used to calculate single
intrusion direct brine release. MODFLOW 2000 (McKenna 2005) and SECOTP2D (Gilkey
2003) are used to calculate Culebra flow and radionuclide transport, respectively. All of these
calculations address the subjective uncertainty by producing results for the 300 separate vectors.

WIPFP PA also addresses stochastic uncertainty or the uncertainty in future events. Unlike
subjective uncertainty, stochastic uncertainty cannot be reduced by further study. To deal with
this type of uncertainty, WIPP PA employs a standard Monte Carlo method of sampling on
random “futures.” A future is defined as one possible sequence of events. The CCDFGF code
(Vugrin 2004) uses the results from the other codes to construct individual futures and
ultimately, CCDFs.

This section provides a summary of the PA calculations for the CRA-2009 PA. For each of the
processes discussed above, an individual analysis package has been produced. The analysis
package gives details of the calculation, describes the changes that were made to produce the
CRA-2009 PA, and gives a comparison between CRA-2009 PA and CRA-2004 PABC. A
description of each analysis and references to the analysis packages are provided in the following
sections.
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3.1 LHS SAMPLING

The primary role of the code LHS is to use Latin hypercube sampling to sample the subjectively
uncertain parameiers used in WIPP PA. Additionally, LHS uses these sampled parameters to
create the 100 vectors per replicate that are input into the suite of codes used in WIPP PA, LHS
was one of the first codes run for the CRA-2009 PA, and an analysis of CRA-2009 PA LHS
calculations and a comparison of the CRA-2004 PABC LHS calculations is provided in the LHS
analysis package (Kirchner 2008a).

LHS version 2.42 was used for both the CRA-2009 PA and the CRA-2004 PABC calculations.
3.2 ACTINIDE MOBILIZATION

The code PANEL has four roles in the WIPP PA system. The first is to compute the potential for
actinide mobilization due to dissolution and colloid mobilization, which is the amount of
radionuclides mobilized for removal via a brine pathway. The second purpose is to calculate
radionuclide decay, and the third is to calculate the amounts of radionuclides mobilized in a
panel that contains a given volume of brine. The fourth is to compute the amounts of
radionuclides removed by a volume of brine moving up the borehole to the Culebra. As the
CRA-2009 PA used the same inventory as used in the CRA-2004 PABC, the actinide
mobilization calculations are identical to the CRA-2004 PABC. Analysis of the CRA-2004
PABC PANEL calculations is provided in the PANEL analysis package (Gamer and Leigh
2005).

PANEL version 4.03 was used for the CRA-2004 PABC calculations.
3.3 SALADOFLOW

The code BRAGFLO simulates brine and gas flow in and around the repository. BRAGFLO
includes the effects of processes such as gas generation and creep closure. Qutputs from the
BRAGFLO simulations describe the conditions (pressure, brine saturation, porosity) and flow
patterns (brine flow up an intrusion borehole and out anhydrite marker beds to the accessible
environment) that are used by other software to predict radionuclide releases. Analysis of the
CRA-2009 PA BRAGFLO calculations including a comparison to the CRA-2004 PABC is
provided in the BRAGFLO analysis package (Nemer and Clayton 2008).

BRAGFLO version 5.0 was run for the CRA-2004 PABC. BRAGFLO version 6.0 was
developed to incorporate additional capabilities and flexibility (Nemer 2007a). BRAGFLO
version 6.0 was used for the CRA-2009 PA.

3.4 SALADO TRANSPORT

The WIPP PA radioisotope mobilization and decay code NUTS simulates the transport of
radionuclides through the Salado Formation for scenarios S1 through S5. Two types of NUTS
runs are made for PA calculations. “Screening” runs use a conservative tracer to determine
which vector/scenario combinations have potential for radionuclides to reach the accessible
environment. These vector/scenario combinations are included in “isotope” and “time intrusion”
runs which calculate the transport of actual radionuclides. Analysis of the CRA-2009 PA NUTS
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calculations including a comparison to the CRA-2004 PABC is provided in the NUTS analysis
package (Ismail and Garner 2008).

NUTS version 2.05a was used for CRA-2004 PABC Salado transport calculations. Following
the CRA-2004 PABC, the WIPP PA Alpha Computing Cluster was upgraded, and this upgrade
included migrating the operating system from OpenVMS version 7.3 to OpenVMS version 8.2.
The version of NUTS that was used for the CRA-2004 PABC, version 2.05a, had a time and date
incompatibility with the new operating system (Gilkey 2006), so it was modified to version
2.05¢c. The only difference between version 2.05a and 2.05¢ is the change made to correct the
time and date incompatibility. NUTS version 2.05¢ was used for the CRA-2009 PA.

Radionuclide transport to the Culebra for scenario 86 is calculated by running the PANEL code
in “intrusion mode” (PANEL_INT). Analysis of the CRA-2009 PA PANEL_INT calculations
including a comparison to the CRA-2004 PABC is provided in the NUTS analysis package
(Ismail and Garner 2008).

PANEL version 4.03 was used for both the CRA-2009 PA and the CRA-2004 PABC
calculations.

3.5 SINGLE INTRUSION DIRECT SOLIDS RELEASE VIA CUTTINGS AND
CAVINGS

Cuttings and cavings are the solid material removed from the repository and carried to the
surface by the drilling fluid during the process of drilling a borehole. Cuttings are the materials
removed directly by the drill bit, and cavings are the material eroded from the walls of the
borehole by shear stresses from the circulating drill fluid. The CUTTINGS_S code calculates
the quantity of material brought to the surface from a radioactive waste disposal repository as a
consequence of an inadvertent human intrusion through drilling. WIPP PA utilizes the code
CUTTINGS_S to calculate the amount of material removed from the repository by cuttings and
cavings (Vugrin and Fox 2005). Analysis of the CRA-2009 PA CUTTINGS_S calculations
including a comparison to the CRA-2004 PABC is provided in the CUTTINGS_S analysis
package (Ismail 2008).

CUTTINGS_S version 6.02 was used for both the CRA-2009 PA and the CRA-2004 PABC
calculations.

3.6 SINGLE INTRUSION DIRECT SOLIDS RELEASE (SPALLINGS)

A WIPP spallings event is a special case of drilling intrusion in which the repository contains gas
at high pressure. This highly pressurized gas can cause localized mechanical failure and
entrainment of solid WIPP waste into and up the borehole, resulting in transport to the land
surface. The computer code DRSPALL was developed to calculate the spallings volume from a
single borehole intrusion (Lord 2004). None of the changes incorporated in the CRA-2009 PA
affected the DRSPALL calculations, so the DRSPALL calculations are identical to the CRA-
2004 PABC. Analysis of the CRA-2004 PABC DRSPALL calculations is provided in the
DRSPALL analysis package (Vugrin 2005a).
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CUTTINGS_S uses the repository pressures calculated by BRAGFLO to interpolate spallings
volumes from DRSPALL and calculate spallings volumes from an individual intrusion for the
various drilling scenarios). Analysis of the CRA-2009 PA CUTTINGS_S calculations including
a comparison to the CRA-2004 PABC is provided in the CUTTINGS _S analysis package (Ismail
2008).

DRSPALL version 1.10 was used in the CRA-2004 PABC. CUTTINGS_S version 6.02 was
used for both the CRA-2009 PA and the CRA-2004 PABC calculations.

3.7 SINGLE INTRUSION DIRECT BRINE RELEASE

Direct brine releases (DBRs) are releases of contaminated brine originating in the repository and
flowing up an intrusion borehole during the period of drilling. In order to have a significant
DBR release, two criteria must be met (Stoelzel and O'Brien, 1996):

1. Volume averaged pressure in the vicinity of the repository encountered by drilling must
exceed dnilling fluid hydrostatic pressure (assumed to be 8 MPa).

2. Brine saturation in the repository must exceed the residual saturation of the waste
material (sampled from a uniform distribution ranging from 0.0 to 0.552).

DBRs are calculated using the code BRAGFLO with a two-dimensional, onented grid, which
represents the vicinity of the waste panels. Analysis of the CRA-2009 PA DBR calculations
including a comparison to the CRA-2004 PABC is provided in the DBR analysis package
(Clayton 2008a).

BRAGFLO version 5.0 was run for the CRA-2004 PABC. BRAGFLO version 6.0 was
developed to incorporate additional capabilities and flexibility (Nemer 2007a). BRAGFLO
version 6.0 was used for the CRA-2009 PA.

3.8 CULEBRA FLOW AND TRANSPORT

None of the changes incorporated in the CRA-2009 PA affected the Culebra flow and
radionuclide transport calculations, so they are identical to the CRA-2004 PABC. Culebra flow
is calculated by the code MODFLOW. The code SECOTP2D computes the transport of
radionuclides released into the Culebra at closure. The calculation of time-dependent releases is
calculated in the CCDFGF code. Analysis of the CRA-2004 PABC Culebra flow and transport
calculations is provided in Lowry and Kanney (2005).

MODFLOW 2000 version 1.6 was used for the CRA-2004 PABC. SECOTP2D version 1.41a
was used for the CRA-2004 PABC.

3.9 NORMALIZED RELEASES

WIPP PA uses the code CCDFGF to address stochastic uncertainty. CCDFGF employs a
standard Monte Carlo method of sampling on random “futures”. A future is defined as one
possible sequence of events, and each future is based on sampled stochastic variables such as the
time and location of a drilling event, plugging pattern used for a drilling event, and whether or
not waste was encountered. The CCDFGF code (Vugrin 2004) combines the sampled stochastic
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parameters with the release data calculated by the process model codes to calculate the
cumulative normalized release for each future. Using these futures and ordered statistics,
CCDFs are created, and these CCDFs are compared to regulatory limits to determine compliance
with the EPA regulations. Analysis of the CRA-2009 PA CCDFGF calculations, including a
- comparison to the CRA-2004 PABC is provided in the CCDFGF analysis package (Dunagan
2008).

In order for CCDFGEF to calculate the CCDFs, the release data from the various process model
codes must be assembled. This is a multi-step process. Most of the release data from the process
model codes is output in the form of binary CAMDAT files. In general, the code SUMMARIZE
is run multiple times to extract and collate the release data from individual codes into text files.
These files are then input into the code PRECCDFGF in order to assemble all of the release data
for a single replicate into one release table (RELTAB) file. This file is input into CCDFGF.

PRECCDFGEF version 1.01, CCDFGF version 5.02 and SUMMARIZE version 3.00 were used
for both the CRA-2009 PA and the CRA-2004 PABC calculations.

3.10 SENSITIVITY ANALYSIS

Rank regression analysis was used to evaluate the sensitivity of the output vanables to the
sampled parameters. The rank regression analyses were conducted using the computer code
STEPWISE. STEPWISE relates the sampled input parameter values to the calculated release
data by performing a multiple regression analysis and reporting the results in tabular form.
Analysis of the CRA-2009 PA STEPWISE calculations is provided in Kirchner (2008b).

STEPWISE version 2.21 was used for both the CRA-2009 PA and the CRA-2004 PABC
calculations.

3.11 RUN CONTROL

Digital Command Language (DCL) scripts, referred to here as EVAL run scripts, are used to
implement and document the running of all software. These scripts, which are the basis for the
WIPP PA run control system, are stored in the LIBCRA09_EVAIL Code Management System
(CMS) library. All inputs are fetched at run time by the scripts, and outputs and run logs are
automnatically stored by the scripts in class CRA09-0 of the CMS libraries. Run control for the
CRA-2009 PA calculations is documented in Long (2008).
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4. RESULTS FOR THE UNDISTURBED REPOSITORY

The PA tabulates releases from the repository for undisturbed conditions. Releases to the
accessible environment from the undisturbed repository fall under two sets of protection
requirements. The first, as set forth 40 CFR § 191.15, protects individuals from radiological
exposure; the second, in 40 CFR § Part 191, Subpart C, protects groundwater resources from
contamination. This section shows how WIPP complies with these two requirements by
presenting flow (BRAGFLO) and radionuclide transport (NUTS) results from modeling the
undisturbed repository.

41 SALADOFLOW

Brine and gas flow in the Salado is computed by BRAGFLO (Nemer 2007d). This section
summarizes the Salado flow calculation resuits for the undisturbed (S1) scenario. Pressure in the
repository, brine saturation in the waste, and brine flow out of the repository are presented, along
with sensitivity analyses that identify the uncertain parameters to which these results are most
sensitive. The Salado flow model represents the repository as five regions in the numerical grid:
three waste-filled regions (the Waste Panel, South Rest of Repository (RoR), and North RoR in
Figure 4-1) and two excavated regions with no waste (operations area and experimental area in
Figure 4-1). The analysis package for Salado flow contains a detailed presentation on the
BRAGFLO model, calculation results, and further sensitivity analyses (Nemer and Clayton
2008).

4.1.1 Pressure in the Repository

In undisturbed conditions, pressure strongly influences the extent to which contaminated brine
might migrate from the repository to the accessible environment. In addition, pressure
developed under undisturbed conditions is an initial condition for the models for spallings and
DBR (Sections 5.5.2 and Section 5.5.3 respectively).

Figure 4-2 shows the pressure in the Waste Panel region for 100 vectors in replicate R1 for the
CRA-2009 PA. During the first 1,000 years, repository pressure may increase rapidly due to
several factors: rapid initial creep closure of rooms, initial inflow of brine causing gas generation
due to corrosion; and availability of CPR material to produce gas by microbial degradation.
Pressure generally approaches a steady-state value after 2,000 years as room closure ceases,
brine inflow slows (thereby reducing gas generation by corrosion) and CPR materials are
consumed.

In general pressure increased for the CRA-2009 PA compared with the CRA-2004 PABC [see
Table 6-10 in Nemer and Clayton (2008)]. The increase was mainly caused by the correction of
the halite porosity. The upper bound of the halite porosity distribution was increased while the
lower bound and the mean remained the same. The halite porosity is positively correlated with

pressure, and so the increase in porosity resulted in an increase in pressure (Nemer and Clayton
2008).
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Figure 4-1. CRA-2009 PA BRAGFLO grid (Nemer and Clayton 2008). Ax, Ay, and Az dimensions in meters). Note that “north of the repository” is
1o the right of the Exp area on the above graph, the depth is in the Y direction and “east of the reposilory” is in the Z direction.
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Figure 4-2. Pressure in the Waste Panel region, replicate R1, scenaric S1, CRA-2009 PA.

Sensitivity analyses are used to determine the importance of parameter uncertainty to the
uncertainty in model results. Figure 4-3 shows partial rank correlation coefficients (PRCCs),
generated from code PCCSRC (Gilkey 1995) resulting from regression between pressure in the
waste panel (WAS_PRES) and the uncertain variables in the Latin hypercube sample (Section
3.1) for the CRA-2009 PA. The figure shows that uncertainty in the pressure in the waste panel
is primarily determined by the sampled input parameter, HALPOR, which is the halite porosity
(Nemer and Clayton 2008).

The positive correlation indicates that higher pressures result from higher values of halite
porosity (HALPOR). Increases in halite porosity increase the volume of brine available in the
material overlying the waste, which as the brine flows; can then increase the amount of brine in
the repository (Nemer and Clayton 2008). Microbial gas generation rates are a function of the
brine in the repository and increase as more brine is available. Increased gas generation results
in increased repository pressures. Increases in the DRZ permeability (DRZPRM), accelerate
brine flow into the waste which then also increases the gas generation rates as seen by the
positive correlation in Figure 4-3. The other PRCCs in Figure 4-3 indicate that the uncertainty
factor for microbial gas generation (WBIOGENTF), the corrosion rate for steel (WGRCOR), and
the waste wicking parameter (WASTWICK) determine the remaining variability in waste panel
pressure, as they affect the gas generation rate as well.
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Figure 4-3. Primary Correlations of pressure in the Waste Panel region with uncertain parameters,
replicate R1, scenario S1, CRA-2008 PA.

4.1.2 Brine Saturation in the Waste

Brine saturation is an important result of the model for Salado flow because gas generation
processes, which tend to increase pressure, require brine. Brine saturation is also an initial
condition in the model for DBR (Section 5.5.3).

Figure 4-4 shows brine saturation in the Waste Panel region of the repository for 100 vectors of
replicate R1, scenario S1 for the CRA-2009 PA. Brine saturation in the waste-filled areas is set
initially to 0.015. Saturation increases very rapidly (in the first 100 years) in all excavated areas
as brine flows toward the excavations, primarily from the DRZ above the excavation. Initially
there is a large pressure differential between the DRZ and the excavated regions, and the
relatively high permeability of the DRZ, compared to undisturbed halite, permits the rapid influx
of brine. Brine inflow slows as the pressures equalize and as brine saturation in the DRZ
decreases. Brine saturation in the waste areas decreases over time as brine is consumed by
corrosion. Brine may also be driven out of the repository by high pressure.

The brine saturation patterns are similar, but the CRA-2009 PA is higher on average than the
CRA-2004 PABC [see Table 6-6 and Figure 6-8 in Nemer and Clayton (2008)]. There are more
vectors with saturation greater than 60%. The increase in brine saturation is due to the increased
halite porosity (Nemer and Clayton 2008).
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Figure 4-4. Brine saturation in the Waste Panel region, replicate R1, scenario S1, CRA-2009 PA.

Computing PRCC’s between the brine saturation in the waste panel (WAS_SATB) and the
uncertain parameters in the Latin hypercube sample identifies a number of parameters that
contribute to the uncertainty in brine saturation. The relative importance of these parameters
varies over the 10,000-year modeling period, and none of the parameters are clearly dominant.
Figure 4-5 shows positive correlations with anhydrite permeability (ANHPRM), DRZ
permeability (DRZPRM), and halite porosity (HALPOR). Increases in halite porosity increase
the volume of brine available in the material overlying the waste; increases in DRZ and
anhydrite permeability accelerate brine flow into the waste. Negative correlations are found
between brine saturation and the corrosion rate (WGRCOR) and the wicking factor
(WASTWICK) because increases in these two variables, increase the rate at which brine is
consumed by corrosion, thus decreasing saturation.
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Figure 4-5. Primary correlations of brine saturation in the Waste Panel region with uncertain parameters,
replicate R1, scenario S1, CRA-2009 PA.

4.1.3 Brine Flow Out of the Repository

The anhydrite marker beds (MBs) and the shafts provide possible pathways for brine flow away
from the repository in the undisturbed (S1) scenario. The Salado flow model only tabulates the
volume of brine crossing boundaries within the model grid; it does not identify whether the brine
contains radionuclides from the waste. Radionuclide transport is calculated separately from the
flow and is discussed in Section 4.2.

Figure 4-6 shows cumulative brine outflow from the waste-filled regions of the repository
(BRNREPOC), while Figure 4-7 shows the volumes of brine that cross the Land Withdrawal
Boundary (LWB) through the MBs (BRAALLWC). The largest outflow across the LWB is
~1,600 m3. Brine crossing the LWB or moving up the shaft does not necessarily indicate
releases from the repository, since the brine may not have been in contact with the waste; the
brine may have been present in the MBs at the start of the regulatory period. Section 4.2
presents the results of the radionuclide transport calculations that determine the amount of
radionuclides that may be released by transport in brine.

Compared with the CRA-2004 PABC, an increase in the average and maximum cumulative brine
flow away from the repository was observed for the CRA-2009 PA [see Table 6-11 in Nemer
and Clayton (2008)]. This is due to the increase in the repository pressure {see Section 4.1.1).
The cumulative brine flow to the LWB through the MBs also increased for the CRA-2009 PA
compared with the CRA-2004 PABC because of the pressure increase.
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Figure 4-8. Brine flow away from the repository, replicate R1, scenario 81, CRA-2009 PA.
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Figure 4-7. Brine flow via all MBs across the LWB, replicate R1, scenaric S1, CRA-2009 PA.

Regression analyses between total cumulative brine flow out of the waste-filled regions
(BRNREPOC) and the uncertain parameters are shown in Figure 4-8. The permeability of the
DRZ (DRZPRM) has the largest positive correlation, followed by the permeability of the
concrete panel seal (CONPRM), and the porosity of undisturbed halite (HALPOR). Increases in
the permeability of the DRZ and the concrete panel seal allow more brine to flow out of the
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repository, as well as into the repository, which increases the gas generation and therefore the
pressure. The increase in the halite porosity also increases the pressure, and an increase in
pressure increases the amount of brine flow out of the repository. The largest negative
correlation is with the waste residual brine saturation (WRBRNSAT), which determines the
immobile portion of the brine in the waste-filled regions, which then limits the amount of brine
that can flow out.

100 VECTOR CRAQ9 BRAGFLO AUMS FOR 51

YT ' l T T T T
075 _
050 ffrvesmee e e |
et Ty
025 | |
% P S
& P T Degendem Varable
s vy T BRNREPOC
B
i
CONPRM
g Yy 7 | = DRZPAM
3 ——— WRBHRNSAT
g -—anesr HALPOR
£ ——— WBIOGENF
[
8 oz |- .
4
: |
=
L
E 050 - \ |
=
\
h—
075 | ]
-1pa M I | ] | I A
0.0 15 3.0 a5 a0 75 o0

TIME {*10 ? Years )
Figure 4-8. Primary correlations of total cumulative brine flow away from the repository with uncertain
parameters, replicate R1, scenaric 51, CRA-2009 PA.

4.2 RADIONUCLIDE TRANSPORT

This section summarizes the radionuclide transport results for the undisturbed repository, both up
the shaft to the Culebra, and through the Salado to the LWB, Ismail and Garner (2008) present a
detailed analysis of the NUTS results for the CRA-2009 PA.

Radionuclide transport in the undisturbed (S1) scenario is calculated by the code NUTS.
Screening runs using a conservative tracer are conducted to determine which vectors have the
potential to transport radionuclides to the accessible environment. Full transport simuiations are
then performed for all vectors that are screened in (have the potential to transport radionuclides
to the accessible environment). Based upon results of the screening exercise, full radionuclide
transport simulations were performed for only one vector in the undisturbed case, replicate R1,
vector 53. Radionuclide transport simulations were performed for other vectors in the
undisturbed case to determine fluid flow conditions used in the disturbed scenario calculations.
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4.2.1 Radionuclide Transport to the Culebra

For the undisturbed repository, no vectors showed radionuclide transport through the shafts to
the Culebra. Consequently, no radionuclides could be transported through the Culebra to the
accessible environment under undisturbed conditions (Ismail and Gamer 2008).

4.2.2 Radionuclide Transport to the LWB

Radionuclides can potentially also be transported through the Salado marker beds to the LWB.
For the undisturbed case, only one vector was screened in. The maximum total integrated
activity across the LWB at the Salado marker beds for replicate R1, scenario S1, vector 53 was
2.6x10™"" EPA units (Ismail and Gamer 2008). This is comparable to the CRA-2004 PABC
results for replicate R1, scenario S1, vector 53 (the only screened-in vector) which had 1.3x107*
EPA units at the boundary (Lowry 2005). One should note that these magnitudes are smaller
than the effective numerical precision of the transport calculations. As explained in Lowry
(2005), this value is most likely due to numerical dispersion as a result of the NUTS finite-
difference solution method. The magnitude of the non-zero release is indicative of numerical
dispersion resulting from the coarse grid spacing between the repository and the LWB, rather
than a probable transport of radionuclides.

Regardless of the significance attached to the numerical values reported above, the releases from
the undisturbed scenario are insignificant when compared to releases from drilling intrusions (see
Section 5.4). Consequently, releases in the undisturbed (S1) scenario are omitted from the
calculation of total releases from the repository.
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5. RESULTS FOR A DISTURBED REPOSITORY

The WIPP repository might be disturbed by exploratory drilling for natural resources during the
10,000-year regulatory period. Drilling could create additional pathways for radionuclide
transport, especially in the Culebra, and could releasec material directly to the surface. In
addition, mining for potash within the LWB might alter flow in the overlying geologic units and
may locally accelerate transport through the Culebra. The disturbed scenarios used in PA
modeling capture the range of possible releases resulting from drilling and mining.

Total releases are computed by the code CCDFGF. Total releases comprise transport releases
and direct releases. Transport releases generally involve movement of radionuclides up an
abandoned borehole into the Culebra, then through the Culebra to the LWB. Transport of
radionuclides to the Culebra is computed using the codes NUTS and PANEL (see Section 3.4)
using the brine flows computed by BRAGFLO (see Section 3.3). Radionuclide transport through
the Culebra is computed by the code SECOTP2D (see Section 3.8) using flow fields calculated
by MODFLOW (see Section 3.8).

Direct releases occur at the time of a drilling intrusion and include releases of solids (cuttings,
cavings, and spallings) computed using the code CUTTINGS_S (see Section 3.5 and Section 3.6)
and direct releases of brine computed using BRAGFLO (see Section 3.7). Pressure and brine
saturation within the waste areas are used as initial conditions to the models for direct releases.
Results from the undisturbed repository (see Section 4) are used as the initial conditions for the
first intrusion. To calculate initial conditions for subsequent intrusions, and to compute the
source of radionuclides for transport in the Culebra, a set of drilling scenarios are used to
calculate conditions within the repository after an intrusion, using BRAGFLO (see Section 3.3).

This section first summarizes the scenarios used to represent drilling intrusions and the resulting
repository conditions calculated by BRAGFLO. Next, transport releases are presented, followed
by cuttings, cavings, spallings, and DBRs.

3.1 DRILLING SCENARIOS

As shown in Table 5-1, the PA considers two types of drilling intrusions, E1 and E2. The El
intrusion scenario represents the possibility that a borehole creates a pathway between the
repository and a pressurized brine reservoir located within the underlying Castile formation. The
E2 intrusion scenario represents a borehole that does not connect the repository with an
underlying brine reservoir, but does intrude into the repository. Repository conditions are
calculated for the E1 intrusion scenario at 350 and 1,000 years, and are referred to as the
BRAGFLO S2 and S3 scenarios, respectively. The BRAGFLO Scenarios S4 and S5 represent
E2 intrusions that occur at 350 and 1,000 years, respectively. An additional BRAGFLO
scenario, S6, simulates the effects of an E2 intrusion at 1,000 years followed by an El intrusion
1,000 years later into the same panel.
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Table 5-1. WIPP PA modealing scenﬁﬂos
i = =

Undisturbed repository
52 El intrusion at 350 years
S3 El intrusion at 1,000 years
S4 E2 intrusion at 350 years
55 E2 intrusion at 1,000 years
56 E2 intrusion at 1,000 years; E1 intrusion at 2,000 years.

E1: Borehole penetrates through the repository and into a hypothetical pressurized brine reservoir in the Castile Formation.
E2: Borehole penetrates the repository, but does not encounter brine in the Castile.

5.2 MINING SCENARIOS

Long-term releases within the Culebra could be influenced by future mining activities that
remove all the known potash reserves within the LWB and cause the transmissivity within the
overlying Culebra to change. The occurrence of the full mining of known potash reserves within
the LWB in the absence of active and passive controls is modeled as a Poisson process, with a
rate of 107 yr'. For any particular future, this rate is used to determine a time at which full
mining has occurred. Flow fields are calculated for the Culebra for two conditions: partial
mining, which assumes that all potash as been mined from reserves outside the LWB; and full
mining, which assumes all reserves have been mined both inside and outside the LWB.
Radionuclide transport through the Culebra uses the partial mining flow fields prior to the time at
which full mining has occurred and the full mining flow fields after that time.

5.3 SALADOFLOW

This section summarizes the results of the Salado flow calculations for the disturbed scenarios.
Nemer and Clayton (2008) provide a detailed presentation on the BRAGFLO model, calculation
results, and further sensitivity analyses.

5.3.1 Pressure in the Repository

Figure 5-1 and Figure 5-2 show pressure in the waste panel (WAS_PRES for arca of Waste
Panel in Figure 4-1) for the 100 vectors of replicate R1 for BRAGFLO scenarios S2 and S4,
respectively. The pressure exhibits patterns that vary depending on the type of intrusion.

Scenario 52 represents an El intrusion at 350 years. At the time of the intrusion, brine flow from
the Castile brine reservoir leads to an increase in pressure (Figure 5-1). However, pressure drops
sharply 200 years after the intrusion when the borehole plugs above the repository are assumed
to fail and the permeability of the borchole generally increases. In vectors with low borehole
permeability, pressure does not change noticeably as a result of the borehole plug failure (Nemer
and Clayton 2008).

Scenario 54 represents an E2 intrusion at 350 years. The borehole plugs effectively prevent any
change in repository pressure from the time of the intrusion until the borehole plugs fail (Figure
5-2). As in the scenarios for El intrusions, pressure generally drops sharply when the plugs fail,
except for vectors with low borehole permeability after plug failure. The pressure is generally

lower in the E2 intrusion scenarios compared with the undisturbed and El intrusion scenarios
(Nemer and Clayton 2008).
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Figure 5-1. Pressure in the Waste Panel region for replicate R1, scenario S2, CRA-2009 PA.
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Figure 5-2. Pressure in the Waste Panel region for replicate R1, scenario S4, CRA-2008 PA.

The pressure trends in the disturbed scenarios for the CRA-2009 PA are similar to the results
obtained for the CRA-2004 PABC. The average and maximum pressures are comparable

between the two analyses as well [see Table 6-16 in Nemer and Clayton (2008)].

As the

intrusion creates a pathway for brine and gas to flow into and away from the repository, the

effect of the increased halite porosity is minimized (Nemer and Clayton 2008).
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Computing PRCC’s between the pressure in the waste panel (WAS_PRES) and the uncertain
parameters in the Latin hypercube sample identifies a number of parameters that contribute to the
uncertainty in pressure for the disturbed scenarios. The relative importance of these parameters
varies over the 10,000-year modeling period. Figure 5-3 and Figure 5-4 show the regression
analysis results for pressure in the Waste Panel with uncertain parameters versus time for
scenarios S2 and S4, replicate R1 from the CRA-2009 PA, respectively.

100 VECTOR CRADS BRAGFLO AUNS FOR 52

W80T i T T T T T
\
075 _
oso |- _
B o025 - - ]
g I N Dependent Variable
] / N WAS_PRES
5 \/ . —
e - BPINTPAS
S oo ped /TN i S B WGRCOR
5 ™ 7 - 7 e WASTWICK
g \_\ ------- BHPERM
3 — ——— BPCOMP
g e, e
oooas ettt S . |
w0 % e e e e gt
=
-]
= v
E 050 - _|
|-
:
\
o7s - % " N
e M e ———
-1.00 | | 1 ) | i
) 15 30 45 60 75 ap

TIME (*10 * Years)
Figure 5-3. Primary correlations for pressure in the Waste Panel region with uncertain parameters,
replicate R1, scenario 52, CRA-2009 PA.

For both scenarios, the borehole permeability (BHPERM) has the largest negative correlation
with pressure after the intrusion, as this is the primary means by which pressure may escape the
repository in the disturbed scenarios. For scenario $2 (Figure 5-3), the initial Castile brine
pocket pressure (BPINTPRS) has the largest positive correlation after the intrusion, while for
scenario S4 (Figure 5-4), the largest positive correlation for the majority of the time after the
intrusion, results from the halite porosity (HALPOR). The negative correlation of the borehole
permeability is larger than the positive correlation of the initial Castile brine pocket pressure and
halite porosity for either scenario.

'The larger initial Castile brine pocket pressure causes more brine at a higher pressure to flow into
the repository, while increasing the halite porosity increases the volume of brine available in the
material overlying the waste, which, as the brine flows into the waste panel, can then increases
the amount of brine in the repository. Microbial gas generation rates are a function of the brine
in the repository and increase as more brine is available. Increased gas generation results in
increased repository pressures.
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The pressure in the waste panel is also controlled by the corrosion rate for steel (WGRCOR), the
waste wicking parameter (WASTWICK), and the index for the model of microbial degradation
(WMICDFLG), which all affect the gas generation rates and therefore the pressure. For scenario
52, increasing the brine pocket compressibility (BPCOMP) increases the brine inflow from the
brine pocket to the repository and thus the pressure in the repository.
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Figure 5-4. Primary correlations for pressure in the Waste Panel region with uncertain parameters,
replicate R1, scenario S4, CRA-2009 PA.

5.3.2 Brine Saturation

Brine saturation tends to increase after a drilling intrusion. Figure 5-5 and Figure 5-6 show brine
saturation in the waste panel (WAS_SATRB for area Waste Panel in Figure 4-1) for replicate R1
for BRAGFLO scenarios S2 and S4, respectively. Saturation typically increases after an
intrusion.

Scenario S2 represents an El intrusion at 350 years. At the time of the intrusion, brine flow from
the Castile brine reservoir leads to an increase in saturation (Figure 5-5). However, saturation
can drop sharply 200 years after the intrusion when the borehole plugs above the repository are
assumed to fail and the permeability of the borehole generally increases. In vectors with low
borehole permeability, saturation does not change noticeably as a result of the borehole plug
failure. Twelve hundred years after the drilling intrusion, the permeability of the borehole
connecting the repository to the Castile is assumed to be reduced by an order of magnitude
because of creep closure. This material change reduces saturation in some vectors, but does not
appear to have a significant effect on the saturation in most vectors.
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Scenario S4 represents an E2 intrusion at 350 years. The borehole plugs effectively prevent any
change in repository saturation from the time of the intrusion until the borehole plugs fail (Figure
5-6). Unlike the E1 intrusions scenarios, saturation generally increases sharply when the plugs
fail, except for vectors with low borehole permeability after plug failure. The saturation is
generally lower in the E2 intrusion scenarios compared with the El intrusion scenarios.
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Figure 5-5. Brine saturation in the Waste Panel region for replicate R1, scenario 32, CRA-2009 PA.
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The brine saturation trends in the disturbed scenarios for the CRA-2009 PA are similar to the
results obtained for the CRA-2004 PABC. The average and maximum brine saturations are
comparable between the two analyses as well (see Table 6-15 in Nemer and Clayton (2008)]. As
the intrusion creates a pathway for brine and gas to flow into and away from the repository, the
effect of the increased porosity is minimized (Nemer and Clayton 2008).

Comparing PRCC’s between the saturation in the waste panel (WAS_SATB) and the uncertain
parameters in the Latin hypercube sample identifies a number of parameters that contribute to the
uncertainty in pressure for the disturbed scenarios. The relative importance of these parameters
varies over the 10,000-year modeling period. Figure 5-7 and Figure 5-8 show the regression
analysis results for saturation in the Waste Panel with uncertain parameters versus time for
scenarios S2 and S4, replicate R1 from the CRA-2009 PA, respectively.
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Figure 5-7. Primary correlations of brine saturation in the Waste Panel region with uncertain parameters,
replicate R1, scenario 32, CRA-2009 PA.

For scenario S2 (Figure 5-7), the DRZ permeability (DRZPRM) and the borehole permeability
(BHPERM) have positive correlations. Increases in DRZ and borehole permeability accelerate
brine flow into the waste. The corrosion rate for steel (WGRCOR) and the waste wicking
parameter (WASTWICK) are negatively correlated with the saturation, as these control the brine
consuming reactions. The halite porosity (HALPOR) has a high positive correlation before the
intrusion, which then decreases.

For scenario 5S4 (Figure 5-8), the largest positive correlation results from borehole permeability

(BHPERM), with the DRZ permeability (DRZPRM), anhydrite permeability (ANHPRM) and
the halite porosity (HALPOR) also showing high positive correlations. Increases in DRZ,
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borehole and anhydrite permeability accelerate brine flow into the waste, while increases in
halite porosity increase the volume of brine available in the material overlying the waste, all of
which control the amount of brine flow into and out of the repository. The corrosion rate for

steel (WGRCOR) is negatively correlated with the saturation as this is a brine consuming
reaction.
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Figure 5-8. Primary correlations of brine saturation in the Waste Panel region with uncertain parameters,
replicate R1, scenario 54, CRA-2009 PA.

3.3.3 Brine Flow Out of the Repository

This section describes the flow of brine up a borehole to the Culebra. Brine flow to the Culebra
1s important in calculating long-term releases to the Culebra. Direct brine flow up the borehole

to the surface at the time of drilling is modeled separately in the DBR calculations, presented in
Section 5.5.3.

Figure 5-9 shows cumulative brine flow out of the repository (BRNREPQC) for scenario S2.
Scenario S2 represents an El intrusion at 350 years. At the time of the intrusion, brine flow from
the Castile brine reservoir fills the repository. At 200 years after the intrusion when the borehole
plugs above the repository are assumed to fail and the permeability of the borehole generally
increases, most of the brine leaving the repository flows up the borehole to the Culebra. In
vectors with low borehole permeability, the brine flow out of the repository does not change
noticeably as a result of the borehole plug failure. Twelve hundred years after the drilling
intrusion, the permeability of the borehole between the repository and the Castile is reduced by
an order of magnitude because of creep closure, reducing brine flow into the repository and
causing a corresponding decrease in brine out of the repository. This material change reduces
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brine flow out of the repository in some vectors, but does not appear to have a significant effect
on the brine flow out of the repository in most vectors.

Figure 5-10 shows the volumes of brine that cross the LWB through the MBs for scenario S2.
The largest outflow across the LWB is ~127 m3, which is significantly less than the undisturbed
scenario results (see Section 4.1.3). As the intrusion creates a pathway to the Culebra, flow to
the LWB is reduced. Brine crossing the LWB or moving up the shaft does not necessarily
indicate releases from the repository, since the brine may not have been in contact with the
waste; the brine may have been present in the MBs at the start of the regulatory period. Section
5.4 presents the results of the radionuclide transport calculations that determine the amount of
radionuclides that may be released by transport in brine for the disturbed scenarios.
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Figure 5-8. Total cumulative brine outflow in replicate R1, scenario 52, CRA-2009 PA.

The total cumulative brine flow away from the repository and the brine flow across the LWB in
the disturbed scenarios for the CRA-2009 PA are similar to the results obtained for the CRA-
2004 PABC. The average and maximum brine flows are comparable between the two analyses
as well [see Table 6-18 in Nemer and Clayton (2008)]. As the intrusion creates a pathway for
brine and gas to flow into and away from the repository, the effect of the increased porosity is
minimized (Nemer and Clayton 2008).

Figure 5-11 shows cumulative brine flow out of the repository (BRNREPOC) for the BRAGFLO
scenarios S4. Scenario S4 represents an E2 intrusion at 350 years. The results for the S4
scenario are very similar 1o the results for the undisturbed scenario, S1 (see Section 4.1.3).

Figure 5-12 shows the volumes of brine that cross the LWB through the MBs for the BRAGFLO

scenario S4. The largest outflow across the LWB is ~1,200 m?, which is smaller than the
undisturbed scenario results (see Section 4.1.3). As the intrusion creates a pathway to the
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Culebra, flow to the LWB is reduced. Brine crossing the LWB or moving up the shaft does not
necessarily indicate releases from the repository, since the brine may not have been in contact
with the wasle; the brine may have been present in the MBs at the start of the regulatory period.
Section 5.4 presents the results of the radionuclide transport calculations that determine the
amount of radionuclides that may be released by transport in brine for the disturbed scenarios.
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Figure 5-10. Brine flow via all MBs across the LWB in replicate R1, scenario 52, CRA-2009 PA,

Regression between total cumulative brine flow out of the waste-filled regions (BRNREPQC)
and the uncertain parameters are shown in Figure 5-13 and Figure 5-14 for the BRAGFLO
scenarios S2 and S4, respectively. For the S2 and S4 scenarios, the permeability of the DRZ
(DRZPRM) the borehole permeability (BHPERM) and the porosity of undisturbed halite
(HALPOR) have positive correlations. Increases in the DRZ and borehole permeability allow
more brine to flow out of the repository. The increase in the halite porosity is correlated with the
increase in pressure, and an increase in pressure increases the amount of brine flow out of the
repository.

A negative correlation with the waste residual brine saturation (WRBRNSAT) is shown for both
the S2 and S4 scenarios, which determines the immobile portion of the waste brine saturation,
which then limits the amount of brine that can flow out of the waste-filled regions. The
permeability of the concrete panel seal (CONPRM) is negatively correlated for the S2 scenario
and positively correlated for the S4 scenario. The increased permeability of the concrete panel
seal allows more brine to flow from the intruded panel to the remainder of the repository (flow
into another panel is not considered out of the repository), reducing the higher pressure
conditions in the intruded panel in the S2 scenario and therefore the flow out of the repository
through the borehole, while for the S4 scenario, the increased permeability allows the brine from
the remainder of the repository to flow into the depressurized intruded panel, increase the
pressure and flow out of the repository up the borehole.
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Figure 5-11. Total cumulative brine outflow in replicate R1, scenario S4, CRA-2009 PA.
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5.4 RADIONUCLIDE TRANSPORT

In the disturbed scenarios, radionuclide transport in the Salado is calculated by the code NUTS
(see Section 3.4). Radionuclide transport from the Salado to the Culebra is calculated by NUTS
and PANEL (sec Section 3.4). Radionuclide transport within the Culebra is calculated by
SECOTP2D (see Section 3.8). TFor all radionuclide transport calculations, mobilized
concentrations of radionuclides in Salado and Castile brines are computed by the code PANEL
{see Section 3.2).

This section summarizes the radionuclide transport results for the disturbed scenarios. Nemer
and Clayton (2008) describe the brine and gas flow in the Salado. Detailed analysis of the
radionuclide transport in the Salado is presented in Ismail and Garner (2008). Garner and Leigh
(2005) provide an analysis of the mobilized concentrations of radionuclides in Salado and Castile
brines; Lowry and Kanney (2005) present an analysis of the flow and radionuclide transport
within the Culebra.

5.4.1 Radionuclide Source Term

The code PANEL calculates the time-varying concentration of radionuclides mobilized in brine,
either as dissolved isotopes or as isotopes sorbed to mobile colloids. Two different brines are
considered: the interstitial brine present in the Salado Formation called GWB, which is
magnesium rich; and the brine in the Castile Formation called ERDA-6, which is sodium rich.
Radionuclide solubility in the two brines can be considerably different. Before an E1 intrusion,
performance assessment assumes that the brine in the repository is GWB. After an E! intrusion,
brine in the repository is assumed to be ERDA-6 brine.

Figure 5-15 and Figure 5-16 show the concentration of radioactivity mobilized in Salado and
Castile brines, respectively, as a function of time for all vectors in replicate R1 for the CRA-2009
PA. The results are identical to the CRA-2004 PABC results. Concentrations are expressed as
EPA units/m3 to combine the radioactivity in different isotopes. Short-lived radionuclides, such
as 2*Pu, decay rapidly in the first few years. After this initial decay, the mobilized concentration
is dominated by Am (Gamer and Leigh 2005); the concentration of Am is limited by its
solubility until all the inventory of Am is in solution. After all Am is in solution, the total
radionuclide concentration generally decreases as the Am decays, until the mobilized
concentration becomes dominated by Pu (Garner and Leigh 2005). The horizontal lines in the
figures indicate periods of time when the total radionuclide concentration is limited by the
solubility of Am (before about 3,000 years) or Pu (after about 6,000 years). Thus, the
uncertainty in total radionuclide concentration is determined by the uncertainty factors used in
the calculation of solubilities for Am and Pu.
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Figure 5-15. Total mobilized concentrations in Salado brine, replicate R1, CRA-2009 PA.
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Figure 5-16. Total mobilized concentrations in Castile brine, replicate R1, CRA-2009 PA.

5.4.2 Transport through Marker Beds and Shaft

In the disturbed scenarios, of the 300 realizations, only vectors 53 and 59 in replicate R1 resulted
in transport of radionuctides through the MBs and across the LWB, with a maximum total
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integrated activity of 3.6x107" EPA units (Ismail and Garner 2008). This is comparable to the
CRA-2004 PABC results for maximum integrated activity which had 2.4x10™"? EPA units at the
boundary (Lowry 2005). The releases through the MBs and across the LWB are insignificant
when compared to releases from drilling intrusions. In addition, no realization showed transport
of radionuclides through the shaft to the Culebra.

5.4.3 Transport to the Culebra

Radionuclide transport to the Culebra via a single intrusion borehole (disturbed scenarios S2, S3,
S4, and S5) 1s modeled with the code NUTS. Transport to the Culebra in the multiple intrusion
scenario (S6), is modeled with the code PANEL. Detailed discussion of the radionuclide
transport to the Culebra calculations can be found in Ismail and Gamer (2008).

5.4.3.1 Single Intrusion Scenarios

Figure 5-17 through Figure 5-20 show cumulative radioactivity transported up the borehole to
the Culebra in the single intrusion scenarios. Transport to the Culebra is larger and occurs for
more vectors in the S2 and S3 scenarios (E1 intrusions) than in the S4 or 85 scenarios (E2
intrusions). For most vectors that show significant transport, most of the transport occurs over a
relatively short period of time, immediately after the borehole plugs fail.
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Figure 5-17. Cumulative normalized release to the Culebra, scenario 52, CRA-2009 PA.
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Figure 5-18. Cumulative normalized release to the Culebra, scenario 83, CRA-2002 PA.
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Figure 5-19. Cumulative normalized release to the Culebra, scenario 84, CRA-2009 PA.
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Figure 5-20. Cumulative normalized release to the Culebra, scenario 55, CRA-2009 PA.

When compared with the results of the CRA-2004 PABC, the CRA-2009 PA showed minor
differences [see Section 4.2.4 in Ismail and Gamer (2008)]. The primary changes from the
CRA-2004 PABC to the CRA-2009 PA that affected the transport to the Culebra calculations are
the correction of the input files (see Section 2.11) and the correction of the halite porosity (see
Section 2.9). Neither change significantly affected the results {Ismail and Garner 2008).

5.4.3.2 Multiple Intrusion Scenario

Figure 5-21 shows total EPA units transported to the Culebra via the borehole in the $6 scenario.
Only two vectors show radionuclide transport after the E2 intrusion at 1,000 years; most
radionuclide transport occurs immediately following the E1 intrusion at 2,000 years. The results
from the CRA-2009 PA are almost identical to the results from the CRA-2004 PABC [see
Section 4.3.2 in Ismail and Garner (2008)]. As the disturbed results from BRAGFLO are similar
and the source term for the two calculations are the same, it follows that the radionuclide
transport to the Culebra results would be the same (Ismail and Gamer 2008).
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Figure 5-21. Cumulative normalized release to the Culebra, replicate R1, scenario 56, CRA-2009 PA.
5.4.4 Transport through the Culebra

Radionuclide transport through the Culebra for a given set of uncertain parameters is calculated
with the code SECOTP2D (see Section 3.8). Note that the total release of radionuclides across
the LWB at the Culebra for given futures is calculated with the code CCDFGF by convolving the
SECOTP2D results with the radionuclide transport to the Culebra calculated by NUTS and
PANEL. This section discusses the SECOTP2D results; total releases through the Culebra are
presented in Section 6.4.

Culebra radionuclide transport calculations were performed for three replicates of 100 vectors
each for both partial-mining and full-mining scenarios (600 total simulations). Each of the 600
radionuclide transport simulations used a unique flow field computed separately with the code
MODFLOW [see Section 3.8 and Lowry and Kanney (2005)]. The partial-mining scenario
assumes the extraction of all potash reserves outside the LWB while full mining assumes that all
potash reserves both inside and outside the LWB are exploited.

In each radionuclide transport simulation, 1 kg of each of four radionuclides (241Am, 234U,
230Th, and 239Pu) are released in the Culebra above the center of the waste pane! area.
Radionuclide transport of the 230Th daughter product of 234U decay is calculated and tracked as

a separate species. In the following discussion, 230Th will refer to the **U daughter product and
23 : 6
*ThA will refer to that released at the waste panel area.

All SECOTP2D results, regardless of magnitude, are included in the calculation of releases
through the Culebra. In practice, most non-zero releases computed by SECOTPZD are
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vanishingly small and result from numerical error (Lowry and Kanney 2005). Consequently, the

analysis of SECOTP2D results focused on realizations in which at least one billionth (10-?) of
the 1 kg source was transported to the LWB.

More detailed information on the results of the Culebra radionuclide transport calculations can
be found in the Analysis Package for the Culebra Flow and Transport Calculations: Compliance

Recertification Application Performance Assessment Baseline Calculations (Lowry and Kanney
2005).

5.44.1 Partial Mining Results

Under partial-mining conditions, only the 234U species and its “°Th decay product were
transported to the LWB in any significant amount during the course of the 10,000-year
simulation (Lowry and Kanney 2005). Table 5-2 shows that no releases greater than one
billionth of the 1 kg source were calculated for replicates R1 and R3. For replicate R2, three
vectors produced “**U releases greater than 10” kg. One of the three vectors also resulted in a
2Th release greater than 10” kg. The results are identical to the CRA-2004 PABC results.

Table 5-2. Radionuclide transport to the LWB under partial mining conditions'=.

RI 0 0 0 o | o

R2 0 0 3 1 0
R3 0 0 0 0 0

1. Number of vectors that have releases (transport to LWB) greater than
one billionth of the 1 kg source released at center of waste panel.

2. “°ThA refers to thorium released at the waste panel area. 23E’l‘h refers
to thorium resulting from 2*U decay.

Sensitivity analysis indicates that releases of 234U in the partial mining condition is associated
with the +VI oxidation state. This result is reasonable because the matrix distribution
cocfficients for uranium in the +IV state are much lower than for the +V1 state.

5.4.4.2 Full Mining Results

Under full-mining conditions, only the 234U species and its “*Th decay product were transported
to the LWB in any significant amount during the course of the 10,000-year simulation. More
vectors resulted in releases greater than 10” kg for the full-mining scenario than were seen under
partial mining conditions. In addition, releases greater than 10” kg were calcuiated for all three
replicates. Table 5-3 shows that three vectors in replicate R1, six vectors in replicate R2, and
three vectors in replicate R3 had 2#U releases greater than 10” kg. None of the three vectors in
replicate R1, three of the six in replicate R2 and one of the three in replicate R3 showed a B
release greater than 10° kg showed a release of “°Th daughter product greater than 10” kg. The
results are identical to the CRA-2004 PABC results.
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1. Number of vectors that have releases (transport to LWB) greater than
one billionth of the 1 kg source released at center of waste panel.

2. ™ThA refers to thorium released at the waste panel area. >**Th refers
to thorium resulting from **U decay.

Sensitivity analysis indicates that releases of 234U in the full mining condition is associated with
the +VI oxidation state. This result is reasonable because the matrix distribution coefficients for
uranium in the +IV state are much lower than for the +V1 state.

5.5 DIRECT RELEASES

Direct releases occur at the time of a drilling intrusion, and include cuttings and cavings;
spallings; and DBRs. This section presents an analysis of the volume released by each
mechanism.

Ismail (2008) provides additional information about the cuttings, cavings and spallings releases
calculated for the CRA-2009 PA. Clayton (2008a) provides a detailed analysis of direct brine
releases in the CRA-2009 PA.

53.5.1 Cuttings and Cavings

Cuttings and cavings are the solid waste material removed from the repository and carried to the
surface by the drilling fluid during the process of drilling a borehole. Cuttings are the materials
removed directly by the drill bit, and cavings are the material eroded from the walls of the
borehole by shear stresses from the circulating drill fluid. The volume of cuttings and cavings
material removed from a single drilling intrusion into the repository is assumed to be in the shape
of a cylinder. The code CUTTINGS_S calculates the area of the base of this cylinder, and
cuttings and cavings results in this section are reported in terms of these areas. The volumes of
cuttings and cavings removed can be calculated by multiplying these areas with the initial
repository height, 3.96 m (BLOWOUT:HREPO).

Cuttings and cavings areas calculated for the CRA-2009 PA range between 0.076 m” and 0.86
m?, with a mean area of 0.25 m? (Table 5-4). None of the changes implemented in the CRA-

2009 PA affect the cuttings and cavings calculations, and so the results are identical to the CRA-
2004 PABC results (Ismail 2008).

Table 5-4

R2 0.0706 0.86 0.25
R3 0.076 0.83 0.25

54 of 76



Summary Report of the 2009 Compliance Revision 0
Recertification Appilication Performance Assessment

Two uncertain sampled parameters affect the cavings calculations. The uncertainty in cavings
areas arises primarily from the uncertainty in the shear strength of the waste (Ismail 2008).
Lower shear strengths tend to result in larger cavings (Figure 5-22). The uncertainty in the drill
string angular velocity has a smaller impact on the cavings results, but the combination of a low
angular velocity and high shear strength can prohibit cavings from occurring (Figure 5-23). In
fact, cavings did not occur in ten percent of all vectors (Table 5-4).

ﬁ:,.u ® Replicate 1
[ ] v Replicate 2

O Replicate 3

Cutting and Cavings Area (mz)

o
-
I
T

| i b P A A W | M n PRI ]
L | ¥ =ty * —t—ttrrry

0.01 01 10 100

Waste Shear Strength (Pa)
Figure 5-22. Scatter plot of cuttings and cavings areas versus shear strength, CRA-2009 PA.

5.5.2 Spallings

Calculation of the volume of solid waste material released to the surface from a single drilling
intrusion into the repository due to spallings is a two-part procedure. The code DRSPALL
calculates the spallings volumes from a single drilling intrusion at four values of repository
pressure (10, 12, 14, and 14.8 MPa). The second step in calculating spallings volumes from a
single intrusion consists of using the code CUTTINGS_S to interpolate the DRSPALL volumes.
The spallings volume for a vector is then determined in CUTTINGS_S by linearly interpolating
the volume calculated by DRSPALL based on the pressure calculated by BRAGFLO. Results
from both of these calculations are documented in this section.
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Figure 5-23. Scatter plot of drill string angular velocity versus shear strength, CRA-2009 PA.
Symbols indicate the range of cuttings and cavings areas in square meters.

5.5.2.1 DRSPALL Results

The code DRSPALL was run for each of 100 vectors in three replicates and for four values of
repository pressure (10, 12, 14, and 14.8 MPa). No spallings occurred at 10 MPa for any vector.
None of the changes implemented in the CRA-2009 PA affect the DRSPALL calculations, and
so the results from the CRA-2004 PABC were used in the CRA-2009 PA.

The uncertainty in the spallings volumes arises from four variables that are uncertain in the
DRSPALL calculations: waste permeability, waste porosity, waste tensile strength, and waste
particle diameter after tensile failure. Figure 5-24 indicates that the largest spallings volumes
occur when waste permeability is less than 1.0x10™* m?, but larger permeability values result in
a higher frequency of nonzero spallings volumes. This observation can be explained as follows:
the higher permeability values that were sampled result in smaller tensile stresses and less tensile
failure, but promote fluidization. Lower permeability leads to greater tensile stresses and tensile
failure, but failed material may not be able to fluidize at this low permeability.

Smaller particle diameter values (see Figure 5-25) tend to result in larger spallings volumes and a
higher frequency of nonzero spallings volumes. The uncertainty in the spallings volumes from a
single intrusion is largely determined by the uncertainty in these two parameters. Obvious
correlations between spallings volumes and the two other parameters could not be established.
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Figure 5-24. Scatter plot of waste permeability versus spallings volume, CRA-2009 PA.
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5.5.2.2 CUTTINGS_S Results

Two factors directly affect the CUTTINGS_S calculation of spallings volumes for the drilling

scenarios: the volumes calculated by DRSPALL and the repository pressures calculated by
BRAGFLO.

Table 5-5 summarizes the statistics for the CRA-2009 PA spallings volumes. Of the 7,800 (26
intrusion time-scenario combinations x three drilling locations x 100 vectors) spallings volumes
calculated per replicate, more than 92% of each replicate’s calculations resulted in no spallings.
Only about a third of the vectors in each replicate had spallings occur in at least one of the
scenarios, and therefore spallings will not contribute to the total releases calculated for the other
vectors.

S1 252 | 252 15331010 010 | 0.17 | 158 | 177 | 183
S2 831 | 287 {632 1014 | 0.12 | 012 | 120 | 135 | 122
83 799 {213 1315012 | 010 [ 0.09 [ 129 | 138 | 133
54 167 1240 | 1.99(0.04 [ 007 [ 0.04 | 069 64 56
35 167 [ 220 | 3.00 007 | 009 | 006 | 91 23 91
All 831 | 2.87 1632|009 | 0.10 | 0.10 | 564 | 607 | 585

Scenarios S2 and S3 resulted in the largest maximum spallings volume, while scenarios S1, S2
and 83 resulted in the largest average spallings volume. For the CRA-2009 PA, scenarios S2 and
S3 have the highest maximum pressures because in these scenarios, the drill bit intrudes into a
pressurized brine pocket (Nemer and Clayton 2008). These higher pressures lead to larger
spallings volumes. Scenarios S4 and S5 resulted in the Jowest maximum and average volumes as
in general these scenarios have the lowest pressure (see Section 5.3.1). Scenario S1 resulted in
the largest number of nonzero spallings volumes per time intrusion. Without an intrusion to
create a pathway for brine and gas flow to decrease the pressure, there are more vectors that
result in pressures above 10 MPa and hence a nonzero spallings volume.

The frequency of nonzero spallings volumes increased for the CRA-2009 PA compared with the
CRA-2004 PABC [see Table 8 in Ismail (2008)]. The maximum spallings volumes are similar
between the two analyses, while the CRA-2009 PA average spallings volume increased versus
the CRA-2004 PABC results [see Table 8 in (Ismail 2008)]. As the spallings volumes are
calculated from BRAGFLQ pressure and an increase in pressure was observed (see Sections
4.1.1 and 5.3.1), an increase in the spallings releases is expected.

5.5.3 Direct Brine

DBRs to the surface can occur during or shortly after a drilling intrusion. For each element of
the Latin hypercube sample, the code BRAGFLO calculates volumes of brine released for a total
of 78 combinations of intrusion time (six for scenario S1, five for scenarios S$2-85), intrusion
location (three locations), and initial conditions (five scenarios). Initial conditions for the DBR
calculations are obtained from the BRAGFLO Salado flow modeling results from scenarios S1
through S5. Salado flow modeling results from the S1 scenario (Section 4.1) are used as initial
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conditions for DBR for a first intrusion into the repository which may have a DBR. Salado flow
modeling results from the S2 through S5 scenarios (Section 5.3) are used as initial conditions for
DBR for second or subsequent drilling intrusions that may have a DBR,

Summary statistics of the calculated DBR volumes for replicate R1 of the CRA-2009 PA are
shown in Table 5-6. As seen in Table 5-6, 1,001 of the 7,800 DBR calculations (100 vectors x
78 combinations) resulted in a nonzero DBR volume to the surface, the majority of which
resulted from scenarios S2 and 3. The maximum DBR volume is approximately 59 m®, with an
average volume of 0.9 m’. Only intrusions into a Lower panel [see Section 6.2 of Clayton
(2008a)] resulted in significant DBR volumes. In the S1 scenario, the Lower panel represents an
undisturbed panel at the south end of the repository. In the S2 and S3 scenarios, the Lower panel
represents any panel that has had a previous E1 intrusion; in the S4 and S5 scenarios, the Lower
panel represents any panel that has had a previous E2 intrusion. DBR volumes are larger and
occur more frequently in the S2 and S3 scenarios, because the Lower panel has a much higher
saturation after an E| intrusion.

Table 5-6. CRA-2009 PA DBR volume statistics.

Max Average Number of
Scenario volume volume nonzero

(m) (m?) volumes

S1 19 0.1 122

S2 59 2.9 385

53 44 1.5 317

54 19 0.1 70

S5 21 0.1 107

All 39 0.9 1,001

The frequency of nonzero DBR volumes increased for the CRA-2009 PA compared with the
CRA-2004 PABC [see Table 6-1 in Clayton (2008a)]. The maximum DBR volume is lower for
the CRA-2009 PA [see Table 6-1 in Clayton (2008a)]. The CRA-2009 PA average DBR volume
increased versus the CRA-2004 PABC results [see Tables 6-2 through 6-5 in Clayton (2008a})].
The increase in the frequency of nonzero and average DBR volume is due to the porosity
correction, while the decrease in the maximum DBR volume is because of the reduction in the
maximum DBR duration parameter (Clayton 2008a).

Previous sensitivity analyses have determined that a DBR volume from a single intrusion is most
sensitive to the initial pressure and brine saturation in the intruded panel. This analysis is
repeated below for scenario S2, for the CRA-2009 PA. The initial pressure and brine saturation
in the DBR calculations are transferred from the Salado flow calculations as described above.
Thus, the uncertain parameters that are most influential to the uncertainty in pressure and brine
saturation in the Salado flow calculations (see Section 4.1 and 5.3) are also most influential in
the uncertainty in DBR. volumes.

The combination of relatively high pressure and brine saturation in the intruded panel is required
for direct brine release to the surface. Figure 5-26 shows a scatter plot of pressure in the waste
panel versus DBR volumes for scenario S2, Lower intrusion, with symbols indicating the value
of the mobile brine saturation [defined as brine saturation minus residual brine saturation in the
waste]. The figure clearly shows that there are no releases until pressures exceed about 8 MPa as
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indicated by the vertical line. Above 8 MPa, a significant number of vectors have zero releases,
but these vectors have mobile brine saturations less than zero and thus no brine is available to be
released. When mobile brine saturation approaches 1, relative permeability of the gas becomes
small enough that no gas flows into the well, and in these circumstances DBR releases end after
three days. Thus, in vectors with high mobile brine saturations, DBR releases increase
proportionally with increases in pressure, as evidenced by the linear relationship between DBR
volume and pressure for mobile brine saturation between 0.8 and 1.0. For vectors with mobile
saturations between (.2 and 0.8, both gas and brine can flow in the well, and the rate of gas flow
can be high enough that the ending time of DBR relecases may be as long as 4.5 days. Although
brine may be flowing at slower rates in these vectors than in vectors with high mobile
saturations, brine flow may continue longer and thus result in larger DBR volumes.

Pressure vs. DBR Volume, 52 Lower Intrusion CRA-2009
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Figure 5-26. Sensitivity of DBR volumes to pressure and mobile brine saturation, replicate R1, scenario
S§2, Lower panel, CRA-2009 PA. Symbaols indicate the range of mobile brine saturation given in the
legend.
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6. NORMALIZED RELEASES

This section presents a discussion of each of the four categories of releases that constitute the
total release: cuttings and cavings; spallings; DBRs; and transport releases, followed by the total
normalized releases for the CRA-2009 PA. In summary, despite the changes and corrections
made between the CRA-2004 PABC and the CRA-2009 PA, there were no major changes in the
overall pattern of releases. Cuttings, cavings and DBRs remain the most significant pathways for
release of radioactive material to the land surface. Release by subsurface transport in the Salado
or Culebra continue to make essentially no contribution to total releases. Finally, the resulting
CCDFs of both analyses are within regulatory limits.

Rank regression analysis was used to evaluate the sensitivity of the output variables to the
sampled parameters. Scatter plots of the dependent versus independent rank transformed
variables resulting from the sensitivity analysis were examined to determine if there were any
obvious non-monotonic relationships. Obvious non-monotonic relationships were not found
although there are cases involving inputs that are categorized as discrete variables (e.g.,
OXSTAT) and cases where there are large proportions of the vectors showing no release (e.g.,
CULREL). Application of linear regression to such cases is somewhat problematic in terms of
the assumptions of normally-distributed residuals and homogencous variance among the
residuals. However, in terms of ranking the relative importance of the parameters these issues
are probably not significant. Details of the analysis can be found in Kirchner (2008b).

6.1 CUTTINGS AND CAVINGS

The overall mean CCDFs for cuttings and cavings releases from the CRA-2009 PA and the
CRA-2004 PABC are shown in Figure 6-1. These resulting overall mean CCDFs are very
similar, with only a slight increase in the CRA-2009 PA mean due to the increase in the drilling
rate,

The rank regression analysis showed that the waste shear strength controls about 98% of the
variability m mean cuttings and cavings releases in both the CRA-2009 PA and CRA-2004
PABC (Kirchner 2008b). Cuttings and caving releases are primarily controlled by the volume of
cuttings and cavings produced, which in tumn is a highly non-linear function of the waste shear
strength (Ismail 2008).
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Figure 6-1. Overall mean CCDFs for cuttings and cavings releases: CRA-2009 PA and CRA-2004 PABC.
6.2 SPALLINGS

Figure 6-2 shows the overall mean spallings release CCDFs from the CRA-2009 PA and the
CRA-2004 PABC. This increase in overall mean spallings release values can be directly
attributed to an increase in overall mean spallings volumes, with a small increase due to the
increase in the drilling rate.  The frequency of non-zero spallings volumes calculated by
CUTTINGS_S increased. CUTTINGS_S interpolates the DRSPALL volumes using repository
pressures calculated by BRAGFLO to calculate the spallings volume released from a single
intrusion for the WIPP PA mtrusion scenarios. These increases are largely attributable to the
increase in pressure in the repository as a result of the larger amounts of brine available. The
increase of the brine in the repository is due to higher DRZ porosities (Ismail 2008).

The rank regression analysis indicates that the dominant parameter with regard to controlling
spallings releases in the CRA-2009 PA is the intact halite porosity (Kirchner 2008b). Its higher
ranking in the CRA-2009 PA analysis compared to the CRA-2004 PABC analysis may be due to
the increase in the maximum value of its distribution. The positive correlation is due to the
increased pressures which resulted from the porosity increase (see Sections 4.1.1 and 5.3.1). A
negative correlation is observed for the particle diameter for disaggregated waste, which is due to
the tendency to have greater fluidization at smaller particle diameters (Kirchner 2008b).
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Figure 6-2. Overall mean CCDFs for spaiiings releases: CRA-2009 PA and CRA-2004 PABC.
6.3 DIRECT BRINE

The overall mean CCDFs for DBRs from the CRA-2009 PA and the CRA-2004 PABC are
shown in Figure 6-3. At all probabilities, the CRA-2009 PA mean DBRs increased from the
CRA-2004 PABC values, particularly at higher probabilities. DBR volumes were higher on
average in the CRA-2009 PA than in the CRA-2004 PABC, but the maximum values in the
CRA-2009 PA are lower than in the CRA-2004 PABC. This increase in overall DBRs can be
directly attributed to an increase in overall mean DBR volumes, with a small increase due to the
increase in the drilling rate. The frequency of non-zero DBR volumes also increased. The
frequency and volume of the DBR are strongly correlated to the repository pressure. These
increases are largely attributable to the increase in pressure in the repository as a result of the
larger amounts of brine available. The increase of the brine in the repository is due to higher
DRZ porosities (Clayton 2008a).

The rank regression analysis shows that four variables, the “solubility multiplier” that represents
uncertainty in solubilities for all actinides in the +III oxidation state (Xiong et al. 2005), the
initial brine pore pressure in the Castile Formation, the inundated corrosion rate for steel and
frequency with which Castile brine intrudes the repository due to a drilling event, account for
more than 50% of the uncertainty in DBRs for the CRA-2009 PA (Kirchner 2008b). These
variables are also important in the CRA-2004 PABC analysis although the third- and fourth-
ranked variables are in reverse order relative to the CRA-2009 PA (Kirchner 2008b).

The solubility of actinides impacts their concentration in DBRs and the corrosion of iron is
expected to produce gas, but at the same time it consumes water, When the repository is flooded
with brine from the intrusion of a brine pocket it is likely that the influence on DBR would be
positive since the production of hydrogen would outweigh the minimal impact of the
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consumption of water. However, a negative correlation is observed between the ranked variables,
suggesting that the corrosion of steel has its strongest influence when the repository is not
saturated and DBRs are expected to be small. The frequency with which Castile brine intrudes
the repository due to a drilling event and the initial pressure of that brine affect the pressure in
the repository. As DBR volumes are a strong function of pressure, a positive correlation is
expected and shown (Kirchner 2008b).
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Figure 6-3. Overall mean CCDFs for DBRs: CRA-2009 PA and CRA-2004 PABC.
6.4 GROUNDWATER TRANSPORT

Figure 6-4 shows the mean CCDF for normalized releases due to transport through the Culebra
for replicate R2 of the CRA-2009 PA and the CRA-2004 PABC. No transport releases larger
than 10°® EPA units occurred in replicates R1 and R3. Normalized transport releases for the
CRA-2009 PA are qualitatively similar to the CRA-2004 PABC results in that only one replicate
(R2) exhibits releases that are significantly larger than the numerical error inherent in the
transport calculations. Overall, the mean releases for replicate R2 of the two analyses are quite
similar and the numbers of vectors that had releases are identical, with only a slight increase in
the CRA-2009 PA due to the increase in the drilling rate (Dunagan 2008).
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Figure 6-4. Mean CCDF for releases from the Culebra for replicate R2: CRA-2009 PA and CRA-2004
PABC.

A Culebra release represents the potential release of radioactivity from the Culebra at the LWB
over 10,000 years. The analysis of the sensitivity of Culebra releases to the input parameters
using linear regression is problematic (Kirchner 2008b). In the CRA-2009 PA and the CRA-
2004 PABC, ~83% of the vectors had Culebra releases of zero (Ismail 2008). Releases of zero
are found across the entire range of every parameter. This is undoubtedly due, for the most part,
to transport rates frequently being too small to enable contaminants to reach the boundary within
the 10,000 year simulation period. Thus the release data are strongly censored. The times of the
intrusions giving rise to flows to the Culebra are also likely to influence whether or not such
releases occur. These times are not represented in the “sampled” input parameters and thus
cannot be associated with the releases. In addition, the preponderance of zero values tends to
negate the assumption of linear regression that errors {residuals) are normally distributed. In
many cases it appears that it is the distribution of zeros along the independent axis that
determines whether a positive or negative correlation is observed (e.g. Figure 6-5). Because of
these issues, the linear ranked regression analysis is unlikely to yield a definitive identification of
the sensitivity of Culebra releases to the sampled parameters. Most of the variability in Culebra
releases remains unexplained by the regression model (Kirchner 2008b).
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Figure 6-5. The preponderance and distribution of zeros can control the regression.

6.5 TOTAL

Total releases are calculated by totaling the releases from each release pathway: cuttings and
cavings releases, spallings releases, DBRs, and transport releases (there were no undisturbed
releases to contribute to total release). Figure 6-6 shows the 300 CCDFs for total releases in
replicates R1, R2 and R3 of the CRA-2009 PA. As seen in Figure 6-6, all of the CCDFs lie
below and to the left of the limits specified in 40 CFR § 191.13(a).

The overall mean CCDF is computed as the arithmetic mean of the mean CCDFs from each
replicate. To quantitatively determine the sufficiency of the sample size, a confidence interval is
computed about the overall mean CCDF using the Student’s t-distribution and the mean CCDFs
from each replicate. Figure 6-7 shows 95 percent confidence intervals about the overall mean.
The CCDF and confidences intervals lie below and to the left of the limits specified in 40 CFR §
191.13(a). Thus, the WIPP continues to comply with the containment requirements of 40 CFR
Part 191,

Figure 6-8, Figure 6-9 and Figure 6-10 show the mean CCDFs for each component of total
releases, for replicates R1, R2 and R3 of the CRA-2009 PA, respectively. The contributions to
total releases for each release pathway in the CRA-2009 PA are the same as were observed in the
CRA-2004 PABC (Dunagan 2008).
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Figure 6-6. Total normalized releases, replicates R1, R2 and R3, CRA-2009 PA.
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Figure 6-8. Mean CCDFs for components of total normalized releases, replicate R1, CRA-2009 PA.
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Figure 6-9. Mean CCDFs for components of total normalized releases, replicate R2, CRA-2009 PA.
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Figure 6-10. Mean CCDFs for components of total normalized releases, replicate R3, CRA-2009 PA.

Figure 6-11 provides a comparison between the CRA-2009 PA and the CRA-2004 PABC. At all
probabilities, the overall mean CCDFs for total normalized releases from the two analyses are
very similar. A small increase is noticeable because of change in the drilling rate parameter and
the increase in the DBR s(Dunagan 2008). Mean total releases differ by ~0.01 EPA units at a
probability of 0.1 and ~0.1 EPA units at a probability of 0.001 (Table 6-1). These increases in
the total releases are primarily a result of the increases in the DBRs, discussed in Section 6.3.

Table 6-1. CRA-2009 PA and CRA-2004 PABC' statistics on the overall mean for total normalized
releases in EPA units at probabilities of 0.1 and 0.001.

Probabllity | . Analysis M;‘:‘l’e:::“l | _;__zgg‘;’,rgl‘ 1 'ﬁ%pe oL | RS;?
o CRA-2004 PARC 0.09 0.08 0.09 1
CRA-2009 PA 0.10 0.10 0.11 1
0001 | CRA-2004 PABC 0.60 0.52 0.68 10
CRA-2009 PA 0.72 0.48 0.92 10

! CRA-2004 PABC data was initially reported in Vugrin and Dunagan (2005).

There are some definite similarities between the CCDFs for the two analyses. First, for most
probabilities, cuttings and cavings are the most significant pathways for release of radioactive
material to the land surface. Second, release by spallings and subsurface transport in the Salado
or Culebra make essentially no countribution to total releases. Finally, the resulting CCDFs of
both analyses are within regulatory limits.
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Figure 6-11. Overall mean CCDFs for total normalized releases: CRA-2009 PA and CRA-2004 PABC.

As in the CRA-2004 PABC, cuttings, cavings and DBRs account for the majority of the total
releases estimated in the CRA-2009 PA. As indicated in the rank regression analysis, in both the
CRA-2009 PA and the CRA-2004 PABC, uncertainty in total normalized releases 1is largely due
to uncertainty in waste shear strength (Kirchner 2008b). The volumes of cuttings and cavings
are primarily controlled by shear strength (Kirchner 2008b), and the negative correlation found
in the analysis is expected. The “solubility multiplier” which represents uncertainty in
solubilities for all actinides in the +III oxidation state (Xiong et al. 2005) remained the second
most dominant parameter contributing to variability in total releases in all replicates (Kirchner
2008b). Solubility of actinides impacts their concentration in DBRs. The variability in total
releases explained by the waste shear strength in the CRA-2009 PA dropped from previous
levels. The waste shear strength only accounts for about 81% of the total variability in total
releases i the CRA-2009 PA, whereas in the CRA-2004 PABC it accounted for 88% of the
variability (Kirchner 2008b). This decrease is due to the increase in DBRs, which increases the
contribution of DBRs to total releases.
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