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1.0 INTRODUCTION

This report summarizes the results obtained from replicate 1 of the U.S. Environmental Protection
Agency (EPA) Mandated Performance Assessment Verification Test of the U.S. Department of
Energy’s Performance Assessment (PA) Analyses supporting the Waste Isolation Pilot Plant
(WIPP) Compliance Certification Application (CCA). Resuits from replicates 2 and 3 will be
presented in a subsequent document. The EPA-Mandated Performance Assessment Verification
Test (replicate 1) will be referred to as the PAVT in the remainder of this report.

The report is divided into seven sections: An Introduction and Summary of the Differences
Between the PAVT and CCA (Section 1); Salado Flow Calculations (Section 2); Salado
Transport Calculations (Section 3); Culebra Flow and Transport Calculations (Section 4);
Cuttings, Cavings, and Spallings Calculations (Section 5); Direct Brine Release Calculations
(Section 6); and Complimentary Cumulative Distribution Function (CCDF) Calculations (Section
7). In each section, the following information is provided:

. A description of changes in PA input parameters requested by EPA.
. A description of changes in model implementation and computer codes.
. Results of the PAVT calculations and their comparison with the CCA results.

Because of the importance of understanding the results of the Salado Flow calculations, a detailed
analysis of gas and brine migration modeling results is presented in Appendices A and B.
Additional information supporting the other calculations is also provided in Appendices C (Salado
Transport), D (Culebra Transport), E (Cuttings, Cavings, and Spallings), and F (Direct Brine
Release). In the final section, CCDFs representing futures of the repository and calculation of
cumulative releases for the PAVT are presented and compared to the CCA CCDFs. Supporting
information is provided in Appendix G. A listing of code versions and associated Software
Problem Report (SPR) numbers is included in Appendix H. Detailed discussions of CCA results
may be found in the Analysis Packages listed in the References (Section 8).

It is important to note that a different set of seed numbers, which determine the random LHS
combinations of uncertain input parameters for BRAGFLO and other codes, was used in the
PAVT than in the CCA. Therefore, specific vectors from PAVT replicate 1 do not map directly
to vectors from CCA replicate 1.

1.1  Summary of Differences Between the PAVT and CCA
In both the PAVT and the CCA, total releases to the accessible environment were dominated by
cuttings and spallings releases, with a smaller contribution from direct brine release. Culebra,

Salado interbed, and Dewey Lake releases across the LWB were negligible. The PAVT mean
CCDF for total normalized releases to the accessible environment does not exceed or come within
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an order of magnitude of the EPA Limit. The following discussion summarizes the major
differences in the PAVT results relative to the CCA. Factors affecting indirect releases through
the Salado and Culebra are discussed first, followed by a discussion of direct releases (cuttings,
spallings, and direct brine release) and CCDFs. Factors responsible for differences include
parameter changes and model implementation changes. Impact analyses (see Appendix H for a
table of associated Sofiware Problem Reports (SPRs)) performed on CCA results suggest that
computational model (code) changes had an insignificant impact on results,

Salado Flow

ndistur ari
In terms of repository pressures, brine saturations, and gas generation, undisturbed repository
performance was not significantly impacted by changes in parameters. However, one vector
(#38) produced increased flow (3326 m®) across the land withdrawal boundary (LWB). This flow
was caused by a combination of factors: the highest interbed permeability, the 8th highest DRZ
permeability, low far-field pressure, and a high repository pressure at 1000 years. The maximum
flow across the LWB in the CCA was 216 ',

Disturbed Scenarios S2 and S3 (E1 intrusion at 350 and 1000 vears)

Parameter changes that had the most impact on repository performance in the E1 intrusion
scenarios were the brine reservoir volume (approximately two orders of magnitude larger),
borehole permeability (lower minimum permeabilities), and corrosion rates (higher). These
changes resulted in higher repository pressures and larger upward borehole brine flows to the
Culebra, with the maxunum fiow about two times larger than the maximum amount predicted in
the CCA (102,340 m’ versus 67,000 m’). As in the undisturbed scenario, one vector (#38)
produced increased flow (2630 m?) across the LWB. In the CCA, flows across the LWB in all
disturbed scenarios were negligible.

istur narigg S4 2 intrusion nd ] ar
Parameter changes that had the most impact on repository performance in the E2 intrusion
scenarios were corrosion rates (higher), borehole permeabilities (lower minimum permeabilities),
and DRZ permeability (sampled over a range of higher and lower permeabilities). These changes
resulted in higher repository pressures and smaller upward borehole brine flows to the Culebra,
with the max;mum flow about ten times smaller than the maximum amount predicted in the CCA
(4,474 m’ versus 40,000 m®). As in E1 intrusion scenario, cumulative brine flow across the LWB
was significant in vector #38 (2735 m’) only.

ist gnari E2 intrusion at an 1 intrusion at 2 ar
Parameter changes that had the most impact on repository performance in the E2E1 intrusion
scenarios were the brine reservoir volume (approximately two orders of magnitude larger),
borehole permeability (lower minimum permeabilities), and corrosion rates (higher). As in
scenarios S2 and S3, these changes resulted in higher repository pressures and larger upward
borehole brine flows to the Culebra, with the maximum flow about two times larger than the
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maximum amount predicted in the CCA (108,960 m’ versus 62,000 m’). Again, cumulative brine
flow across the LWB was significant in vector #38 (3203 m") only.

Salado Transport

Parameter changes that had the most impact on radionuclide releases to the Culebra via the
borehole were the changes in actinide solubilities. In particular, these changes substantially
reduced the solubilities of **' Am in the Salado and Castile brines and reduced the solubility of
**Pu in the Salado brine. The solubility of *Pu in the Castile brine was similar to the CCA.

* Am was the dominant radionuctide for transport at early time (<2000 years after closure) while
“¥Pu was the dominant radionuclide at later times. Castile solubilities were used for E1 intrusion
scenarios (S2, S3, S6) and Salado solubilities were used for the other scenarios. For the El
scenarios with early time intrusions, larger upward borehole flows (relative to the CCA), were
offset by the reduced **' Am solubility. As a consequence, radionuctide releases to the Culebra
from early time E1 intrusions were only slightly larger, on average, than those in the CCA. For
later E1 intrusion times, PAVT releases tended to be moderately larger than those in the CCA.
The larger flows were not offset as much at later times because the 2°Pu solubilities were similar
to the CCA. For E2 intrusions at all times, radionuclide releases to the Culebra tended to be less
than in the CCA due to both lower upward borehole flows and reduced solubilities. There were
no radionuclide releases upward in the borehole beyond the top of the Rustler in any scenario.
Integrated releases across the LWB via the interbeds were very small (< 5.0E-10 EPA units) even
for vector #38. These releases were likely artificial and due to numerical dispersion.

Culebra Transport

The most significant factors impacting Culebra transport were the matrix distribution coefficients
(kg). The k, s were represented by loguniform probability distributions rather than the uniform
probability distributions used in the CCA. As a result, sampled k4 values tended to be lower in the
PAVT and several more realizations discharged ?*U across the LWB in the PAVT than in the
CCA. However, as in the CCA, these discharges were very small and were not significant
contributors to total mean CCDF.

Cuttings, Cavings, and Spallings

The most significant factors that impacted total cuttings, cavings, and spallings volume releases
were the waste shear strength and the parameters influencing repository pressure (corrosion rate,
brine reservoir volume, and borehole permeability). The change in the waste shear strength
distribution produced more cuttings and cavings volume releases in the PAVT. Repository
pressures in the PAVT disturbed scenarios tended to be higher than in the CCA (more vectors had
pressures above 8 MPa). As a result, more vectors produced spallings volume releases.
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Direct Brine Release

The most significant factors impacting direct brine release volumes were the parameters
influencing repository pressure (corrosion rate, brine reservoir volume, waste permeability, and
borehole permeability). In the disturbed scenarios, repository pressures and direct brine volume
releases tended to be higher in the PAVT as compared to the CCA, with nearly as many replicate
one realizations releasing brine as in all three replicates of the CCA combined. However, due to
reduced actinide solubilities (as described previously in the Salado Transport summary), direct
brine radionuclide releases in the PAVT were only slightly larger than in the CCA.

CCDFs

The PAVT mean CCDF for total normalized releases is a factor of 2 to 3 larger than the CCA
mean CCDF for all probabilities of exceedance. This increase is primarily due to the increase in
cuttings releases. Total releases to the accessible environment were dominated by cuttings and
spallings releases, with a smaller contribution from direct brine release. Culebra, Salado interbed,
and Dewey Lake releases across the LWB were negligible. The PAVT mean CCDF for total
normalized releases to the accessible environment does not exceed or come within an order of *
magnitude of the EPA Limit.
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20 SALADO FLOW CALCULATIONS

This section summarizes differences between the PAVT and CCA Salado two-phase flow
calculations. These calculations were performed using BRAGFLO. Six different repository
scenarios were considered:

S1. Undisturbed

S2. El Intrusion at 350 Years
S3.  El Intrusion at 1000 Years
S4. E2 Intrusion at 350 Years
S5. E2 Intrusion at 1000 Years
S6.  E2E1 Intrusion

This summary focuses on values of key BRAGFLO performance measures for each scenario.

Key performance measures for the S1 scenario include pressure and brine saturation in the panel
at times of 350 and 1000 years and cumulative brine flow across the LWB via the interbeds.

Brine flow up the shaft was found to be insignificant and is therefore not presented. Panel
pressure and brine saturation values are useful for assessing the potential impact of the PAVT -
input changes on direct releases up the borehole (spallings and direct brine release). Cumulative
brine flow across the LWB is useful since the interbeds are the primary pathway for radionuclide
release in the undisturbed scenario. In the disturbed scenarios, S2, 83, §4, 85, and S6, the
borehole is the primary pathway for radionuclide release. Thus, in addition to the S1 performance
measures, a key performance measure is the cumulative brine flow up the borehole to the Culebra.
Figures and Tables with performance measure values are provided. A detailed discussion of two-
phase flow behavior (gas and brine migration) in each of the repository scenarios is provided in
Appendix A. Differences between the PAVT and CCA results are summarized in Appendix B.

21  Changes to Parameters
Changes to input parameters were implemented in BRAGFLO as follows:

(1)  DRZ log permeability (m®) was changed from a constant value of -15.0 to a uniform
distribution ranging from -19.4 to -12.5 with a mean and median of -15.95.

(2) Inundated corrosion rate (m/s) distribution (without CO,) was changed from a uniform
range of 0 to 1.58 x 10" to a uniform range of 0 to 3.17 x 107,

(3)  Waste permeability (m®) was changed from a constant value of 1.7 x 10" to a constant
value of 2.4 x 10°,

(4)  Castile brine reservoir rock compressibility (Pa™') was changed from a log triangular
distribution ranging from -11.3 to -8.0 to a triangular distribution ranging from 2.0 x 10!
to 1.0 x 10 (log: -10.7 to -10.0).
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(5)  Castile brine reservoir porosity was calculated from the condition that the product of
Castile brine reservoir rock compressibility (Pa™) and porosity was constant and equal to
1.848 x 10! Pa!. Based on the new range for rock compressibility (see (4) above) the
calculated porosity ranges from 0.1848 to 0.924. The bulk volume of the brine reservoir
is fixed by the grid geometry at 1.84 x 10’ m®. The sampled porosities resulted in one
hundred initial brine reservoir volumes (m’) ranging from 3.6 x 106 to 1.4 x 10°. In the
CCA, the volume of brine in the Castile brine reservoir was sampled between a minimum
of 32,000 m® and a maximum of 160,000 m® resulting in five possible volumes of 32,000,
64,000, 96,000, 128,000, and 160,000 m®, which were controlled by the parameter
GRIDFLO (see Section 2.2).

(6)  Sand-filled borehole log permeability (m®) was changed from a uniform distribution
ranging from -14.0 to -11.0 to a uniform distribution ranging from -16.3 to -11.0.

(7)  Concrete plug permeability (m”) was changed from a constant value of 5.0 x 107 to a
uniform distribution ranging from 1.0 x 10 to 1.0 x 10",

2.2  Changes to Model

To avoid calculating unrealistic repository pressures (far above lithostatic), the DRZ was allowed
to fracture under the same conceptual model and parameters as Marker Beds 138 and 139.

One computational model change was implemented via input parameters. For vector #78 of the
§52 scenario, the solution tolerances were changed to prevent excessive time step reductions. This
change was not required for any other vectors or any other scenarios. These tolerance changes
are described in Appendix B (Section B.5).

As described in Section 2.1, parameter change (5), Castile brine reservoir volumes were
determined in the CCA using the sampled parameter GRIDFLO. In the PAVT, brine reservoir
volumes were calculated as described above in parameter change (5), and GRIDFLO was not
used.

Subsequent to the CCA, several minor code changes were implemented in BRAGFLO. These
changes were shown to have no impact on the CCA Salado flow calculations (SPR Numbers 97-
002, 97-003, 97-007, 97-008, 97-009, 97-010, which are all described in the Change Control
Form for BRAGFLO, WPQ #45223),

2.3  Impact of Changes on Model Results

2.3.1 Undisturbed Scenario S1

Parameter changes that had the most impact on repository performance in the undisturbed
scenario were corrosion rates (higher) and DRZ permeability (sampled over a range with both
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higher and lower permeabilities and a lower median). Values for important performance measures
are provided in Table 2.1. The higher corrosion rates produced marginally higher pressures
through 1000 years in the PAVT relative to the CCA. The range in DRZ permeability resulted in
a wider range in brine inflow volumes. However, 64 realizations had initial DRZ permeabilities
less than the CCA value of 1x10°"* m* which resulted in lower mean and median cumulative brine
flows into the repository than in the CCA. Higher brine consumption rates {associated with the
higher corrosion rates), slightly higher pressures, and lower inflow rates resulted in lower brine
saturations in the repository. At times greater than 1000 years, these conditions resulted in
shightly lower gas generation rates and less overall total gas generation.

DRZ fracturing appears to have had only a small effect on brine flows within the repository and
DRZ and no apparent impact on flow up the shaft or across the LWB. Cumulative brine flows
across the LWB were slightly less than in the CCA (see Table 2.1), except for one vector (#38)
which produced significant flow (3326 m®) across the LWB (the majority of this flow occurs in
Marker Bed 139). The maximum flow across the LWB in the CCA was 275 m®. This significant
flow in vector #38 was caused by a combination of factors: the highest interbed permeability, the
8th highest DRZ permeability, low far-field pressure, and a high repository pressure at 1000
years.

2.3.2 Disturbed Scenarios S2 and 83 (E1 intrusion at 350 and 1000 years)

Parameter changes that had the most impact on repository performance in the E1 intrusion
scenarios were the brine reservoir volume (approximately two orders of magnitude larger),
borehole permeability (lower minimum permeabilities), and corrosion rates (higher). Values for
important performance measures are provided in Tables 2.2 and 2.3. Panel pressures and brine
saturations prior to intrusion were the same as shown in Table 2.1 (prior to intrusion, the E1
intrusion scenarios were identical to the undisturbed scenario). The higher corrosion rates
produced marginally higher repository pressures prior to intrusion in the PAVT relative to the
CCA. Following intrusion, lower borehole permeabilities and higher corrosion rates in
combination with increased flow from the brine reservoir (brine reservoir pressures remain high
after intrusion) resulted in substantially higher pressures in the repository. Brine flows upward in
the borehole to the Culebra were substantially higher, with the maximum flow about two times
larger than that predicted in the CCA. As in the CCA, there were also very small amounts of
brine flow upward in the borehole beyond the top of the Rustler (< 1.2 m®). Salado transport
results (see Section 3.3.2) show that these small volumes of brine were uncontaminated. As in the
undisturbed scenario, one vector (#38) produced significant flow across the LWB. In the CCA,
flows across the LWB in all disturbed scenarios were negligible. In addition to having high
interbed and DRZ permeability, vector #38 also had the 17th lowest borehole permeability. As a
consequence, flow across the LWB is decreased only slightly from the S1 value.

2.3.3 Disturbed Scenarios S4 and S5 (E2 intrusion at 350 and 1000 years)

Parameter changes that had the most impact on repository performance in the E2 intrusion
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scenarios were cotrosion rates (higher), borehole permeabilities (lower minimum permeabilities),
and DRZ permeability (sampled over a range of higher and lower permeabilities). Values for
important performance measures are provided in Tables 2.4 and 2.5. Panel pressures and brine
Saturations prior to intrusion were the same as shown in Table 2.1 (prior to intrusion, the E2
intrusion scenarios were identical to the undisturbed scenario). Higher corrosion rates produced
marginally higher pressures prior to intrusion in the PAVT relative to the CCA. The range in
DRZ permeability resulted in a wider range in brine inflow volumes. However, 64 realizations
had initial DRZ permeabilities less than the CCA value of 1x10°'* m? which resulted in lower mean
and median cumulative brine flows into the repository than in the CCA. The net result of the
higher brine consumption, higher pressures, and decreased brine inflow was lower brine
saturations in the repository. Following the borehole intrusion, panel pressures stayed higher in
the PAVT than in the CCA due primarily to the lower borehole permeabilities.

Although the upper end of the borehole permeability range was not changed, brine flows up the
borehole were substantially less than those predicted in the CCA. This behavior was due to a
combination of factors: lower brine saturations in the repository; lower borehole permeabilities at
the lower end of the range; and the range of DRZ permeabilities. In the CCA, the DRZ added
brine directly to the borehole in the highest flow cases. In the PAVT, the highest flow cases have
a high borehole permeability and a low DRZ permeability. As a result there was no additional
contribution from the low permeability DRZ to flow up the borehole (which is already lower than
in the CCA because of the lower brine saturations). As in the E1 intrusion scenarios, cumulative
brine flow across the LWB was significant in vector #38 (2735 m’) only.

2.3.4 Disturbed Scenario S6 (E2 intrusion at 1000 years and an El intrusion at
2000 years)

Parameter changes that had the most impact on repository performance in the E2E! intrusion
scenarios were the brine reservoir volume ( approximately two orders of magnitude larger),
borehole permeability (lower minimum permeabilities), and corrosion rates (higher). Results for
86 are provided in Table 2.6. As in scenarios S2 and S3, $6 was dominated by the E1 intrusion
because of the large brine reservoir. Panel pressures and brine saturations prior to the E2 intrusion
were the same as shown in Table 2.1 (prior to first intrusion, the E2E1 intrusion scenarios is
 identical to the undisturbed scenario). The higher corrosion rates produced marginally higher
repository pressures prior to the E2 intrusion in the PAVT relative to the CCA. Following
intrusion, lower borehole permeabilities and higher corrosion rates in combination with increased
flow from the brine reservoir (brine reservoir pressures remain high after intrusion) resulted in
substantially higher pressures in the repository. Brine flows upward in the borehole to the
Culebra were substantially higher, with the maximum flow about two times larger than that
predicted in the CCA. Flows up the borehole were slightly larger than those in S2 and S3 due to
a larger head gradient between the Castile brine reservoir and panel at the time of the El
intrusion. The larger head gradient between the Castile and panel was due to the E2 intrusion at
1000 years and the subsequent venting of panel gas up the borehole. As in E1 and E2 intrusion
scenarios, cumulative brine flow across the LWB was significant in vector #38 (3203 m’) only.
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Table 2.1. 10th Percentile, Median, Mean, 90th Percentile, and Maximum Output Variable
Values from the PAVT and CCA Simulations for Scenario S1 (Undisturbed).

July 25, 1997

Qutput Variable Time PAVT Simulation (R1) CCA Simulation (R1, R2, R3)

Description (yrs) [ 10th | Median | Mean | 90th | Max. 10th | Median | Mean 90th Max

Average Pressure in | 350 1.6 4.0 4.4 9.0 10.5 1.0 3.2 4.0 9.2 10.4

Waste Panel (MPa) 1.0 3.2 4.0 9.2 10.2

1.2 3.2 4.0 9.2 10.0

1000 | 3.7 7.1 7.7 129 | 14.0 2.1 6.1 6.7 12.2 13.5

2.0 6.1 6.7 12.4 4.0

2.7 6.0 6.7 12.4 14.5

10000 6.9 10.2 105 | 13.6 { 16.8 7.0 10.8 10.8 14.2 15.5

7.1 11.0 10.8 14.1 16.3

} 6.8 10.7 10.7 14.0 16.2

Average Brine 350 [ 004 | 0.16 | 023 | 052 | 098 0.12 0.22 0.27 0.50 0.80

Saturation in 0.09 0.23 0.27 0.42 0.75

Waste Panel f 0.09 0.23 0.27 0.55 0.88

1000 || 0.00 | 0.17 026 | 0.70 | 0.98 0.10 0.26 0.33 0.77 0.98

0.07 0.27 0.34 0.67 0.91

JF 0.08 0.28 0.34 0.85 0.98

Cumulative Brine 10000 0.0 0.0 35 0.0 3326 0.0 0.1 5.0 0.3 216

Flow out of MBs 0.0 0.1 4,2 0.4 275

Across LWB (o) 0.0 0.1 4.5 0.3 168

Total Volume of 10000 5.2 11.2 119 | 188 | 340 5.0 11.8 12.2 21.5 28.1

l Gas Generated 5.0 12.5 12.4 20.0 30.7

(10° o) L 4.8 11.8 12.1 18.8 26.0
Cumulative Brine 10000 1000 | 7500 | 13000 | 35000 | 72000 [| 3200 11200 16000 33000 85000
Flow into 3200 12400 16000 32000 57000
Repository (m*) J,_ 3000 [ 12200 16000 33500 55500
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Table 2.2. 10th Percentile, Median, Mean, 90th Percentile, and Maximum Output Variable Values from

the PAVT and CCA Simulations for Scenario S2 (E| Intrusion at 350 Years).

Output Variable Time PAVT Simulation (R1) CCA Simulation (R1, R2, R3)
Description (yrs) 10th | Median | Mean 90th Max. 10th Median | Mean 90th Max
Average Pressure in | 10000 4.7 7.9 8.9 14.2 16.6 1.6 4.7 4.5 1.3 9.7
Waste Panel (MPa) ! 1.5 5.0 4.5 7.0 10.1
1.5 4.7 4.5 7.3 11.0
Average Brine 350 0.04 0.16 0.23 0.52 0.98 0.12 0.22 0.27 0.50 0.80
Saturation in 0.09 0.23 0.27 0.42 0.75
Waste Panel 0.09 0.23 0.27 0.55 0.88
Cum. Brine Flow up | 10000 0.0 27 6381 | 18100 | 105040 0.0 0 1030 1330 39000
Borehole at 0.0 0 1230 700 62000
Rustler/Cul. (m?) 0.0 0 350 670 12500
Cumulative Brine 10000 0.0 0.0 26 0.0 2487 0.02 0.08 0.11 0.25 0.79
Flow out of MBs 0.02 0.08 0.11 0.26 0.43
Across LWB (m*) 0.02 0.08 0.10 0.22 0.43
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Table 2.3. 10th Percentile, Median, Mean, 90th Percentile, and Maximum Qutput Variable Values from

the PAVT and CCA Simulations for Scenario $3 (E1 Intrusion at 1000 Years).

Output Variable Time PAVT Simulation (R1) CCA Simulation (R1, R2, R3)
Description (yrs) | 10th | Median | Mean | 90th | Max 10th | Median | Mean | 90th | Max
Average Pressure in | 10000 3.2 7.4 8.1 12.7 15.4 1.7 4.7 4.5 7.3 9.2
Waste Panel (MPa) 1.5 5.0 4.5 7.0 10.2
1.5 4.7 4.5 7.2 10.1
Average Brine 1000 0.00 0.17 0.26 0.70 0.98 0.10 0.26 0.33 0.77 0.98
Saturation in 0.07 0.27 0.34 0.67 0.91
Waste Panel 0.08 0.28 0.34 0.85 0.98
Cum. Brine Flow up | 10000 0.0 16 5935 | 18300 | 102340 0.0 0.0 1050 1300 | 35200
Borehole at 0.0 0.0 1150 425 67000
Rustler/Cul. (m’) 0.0 0.0 450 900 15600
Cumulative Brine 10000 0.0 0.0 26 0.0 2630 0.02 0.08 0.12 0.25 1.28
Flow out of MBs 0.02 0.08 0.12 0.26 0.66
| Across LWB (m’) 002 | 008 | 011 | 024 | 04l
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Table 2.4. 10th Percentile, Median, Mean, 90th Percentile, and Maximum Output Variable Values

from the PAVT and CCA Simulations for Scenario S4 (E2 Intrusion at 350 Years).

Output Variable Time PAVT Simulation ” CCA Simulation

Description &rs) || 10th | Median | Mean | 90th | Max. || 10th | Median | Mean | 90th | Max
Average Pressurein | 10000 | 17 | 64 | 65 | 125 | 139 " 14 | 33 39 | 67 | 9.0
Waste Panel (MPa) 1.4 3.4 3.9 6.4 10.0

1.4 3.4 3.9 6.4 9.3
Average Brine 350 | 004 | o016 [ 023 | 052 [ 098 | 012 | 022 | 027 | 050 | 0.80
Saturation in 0.09 0.23 0.27 0.42 0.75
Waste Panel 0.09 0.23 0.27 0.55 0.88
Cum, Brine Flow 10000 || 0.0 2.3 151 | 238 | 4774 0.0 0.0 638 110 | 40000
up Borehole at 0.0 0.0 330 93 17800
Rustler/Cul. (m’) [ 00 0.0 250 70 | 13700
Cumulative Brine | 10000 | 0.0 0.0 26 00 | 2640 | 002 | 008 | 011 | 025 | 073
Flow out of MBs 002 | 008 | o011 | 023 | 042
Across LWB (m?) 0.02 0.08 0.10 0.22 0.35
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Table 2.5. 10th Percentile, Median, Mean, 90th Percentile, and Maximum Output Variable Values from

the PAVT and CCA Simulations for Scenario S5 (E2 Intrusion at 1000 Years).

Output Variable Time PAVT Simulation CCA Simulation
Description O) | 10th_| Median | Mean | 90th | Max. | 10th | Median | Mean | 90t | Max
Average Pressure in | 10000 1.6 6.4 6.5 12.5 14.1 1.4 3.3 3.9 6.8 9.0
Waste Panel (MPa) 1.4 3.4 3.9 6.4 10.2
1.4 3.2 3.9 6.4 9.3
Average Brine 1000 0.00 0.17 0.26 0.70 0.98 0.10 0.26 0.33 0.77 0.98
Saturation in 0.07 0.27 0.34 0.67 091
Waste Panel 0.08 0.28 0.34 0.85 0.98
Cum. Brine Flow up | 10000 0.0 1.8 133 160 4472 0.0 0.0 563 100 36100
Borehole at 0.0 0.0 270 75 13000
Rustler/Cul. (m®) 0.0 0.0 210 70 13000
Cumulative Brine 10000 0.0 0.0 27 0.0 2735 0.02 0.08 0.12 0.25 1.28
Flow out of MBs 0.02 0.08 0.11 0.25 0.71
Across LWB (m*) 0.02 0.08 0.11 0.23 0.38
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Table 2.6. 10th Percentile, Median, Mean, 90th Percentile, and Maximum Output Variable Values

from the PAVT and CCA Simulations for Scenario S6 (E2E| Intrusion).

Output Variable Time PAVT Simulation CCA Simulation
Description (yrs) 10th | Median | Mean | 90th Max. 10th | Median | Mean | 90th Max
Average Pressure in | 10000 4.8 7.5 8.4 12.9 14.5 1.5 4.8 4.5 7.2 9.1
Waste Panel (MPa) 1.5 5.1 4.5 6.9 10.2
1.5 5.2 4.6 7.3 9.5
Average Brine 1000 0.00 0.17 0.26 0.70 0.98 .10 .26 0.33 0.77 0.98
Saturation in 0.07 0.27 0.34 0.67 0.91
Waste Panel 0.08 0.28 0.34 0.85 0.98
Cum. Brine Flow up | 10000 0.0 66 7108 22000 108960 0.0 20 950 780 37100
Borehole at 0.0 20 1280 340 62000
Rustler/Cul. (m®) 0.0 20 620 1700 14000
Cumuiative Brine 10030 0.0 0.0 32 0.0 3203 0.02 0.08 0.12 0.25 1.65
Flow out of MBs 0.02 0.08 0.11 0.25 0.56
| Across LWB (m*) 0.02 0.09 0.11 0.23 0.39
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30 SALADO TRANSPORT CALCULATIONS

This section summarizes differences between the PAVT and CCA Salado transport calculations.
These calculations were performed using NUTS and PANEL. NUTS was used to calculate the
transport of radionuclides throughout the repository, shaft system, Salado formation, and possible
human-intrusion boreholes in scenarios S1, S2, 83, $4, and S5. PANEL was used to calculate the
movement of radionuclides through the repository and boreholes in the multiple intrusion scenario
S6 only. The key performance measure for comparing PAVT and CCA Salado transport results’
is cumulative radionuclide release to the Culebra via the intruding borehole. Transport of
radionuclides to the accessible environment via the shaft and interbeds was found to be
insignificant in both the PAVT and the CCA. Detailed Salado transport results are presented in
Appendix C.

31  Changes to Parameters

The EPA requested that the solubilities of actinides in oxidation states +ITI, +IV, and +V be
changed as shown in Table 3.1.

Table 3.1. PAVT and CCA Solubilities (moles/liter) of Actinide Oxidation States in Salado and
Castile Brines Controlled by the MgO/MgCO, Buffer

+111 +IV +V +VI
PAVT CCA PAVT CCA PAVT CCA PAVT CCA
Salado 1.2E-7 | 5.8E-7{ 1.3E-8 [44E-6| 2.4E-7 {23E6| 8.7E-6 | 8.7E-6
Castile 1.3E-8 [ 6.5E-8 | 4.1E-8 | 6.0E-9 | 4.8E-7 | 2.2E-6 | 8.8E-6 | 8.8E-6
3.2 Changes to Model

The NUTS PAVT calculations were performed using an implicit dissolution/precipitation
algorithm whereas the CCA NUTS calculations were performed using an explicit
dissolution/precipitation algorithm. This algorithm change resulted from a previous investigation
of the NUTS CCA calculations (SPR No. 97-004). This investigation indicated that radionuclide
releases to the Culebra via the borehole and across the LWB via the interbeds may have been
underestimated because of the explicit implementation of the precipitation/dissolution algorithm in
NUTS version 2.03. To determine if CCA results were underestimated, a fully implicit
dissolution/precipitation algorithm was incorporated in NUTS version 2.04 (Change Control
Form, WPO #45998) and several CCA calculations were repeated. The conclusion of this
investigation was that the impact of the explicit precipitation/dissolution algorithm on the CCA
results was not important and that releases were not significantly underestimated. Based on this
investigation it is concluded that differences in results between the CCA and PAVT are not
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attributable to the change in the dissolution/precipitation aigorithm change. However, because
the implicit dissolution/precipitation algorithm is more robust and stable, it was implemented in
the PAVT calculations.

In the CCA, **Pu and *Pu shared the same elemental solubility. To simplify the implementation
of the implicit dissolution/precipitation algorithm in the PAVT calculations, these two isotopes
were treated as separate elements and did not share the same elemental solubility. This treatment
was implemented by assigning the solubility of **Pu equal to the Pu solubility times the mole
fraction of **Pu at time zero (Stockman, 1997). This simplification is conservative in the sense
that it overestimates **Pu and **Pu solubilities during the early part of the 10,000 year
regulatory period. However, the impact of this overestimation of solubilities should not be
significant.

3.3  Impact of Changes on Model Results

A screening analysis using a hypothetical inert tracer was conducted to reduce the large number of
potential Salado transport simulations to a tractable number. An identical screening analysis was
conducted previously for the CCA. For the screening analysis, a source concentration of 1 kg/m®
Wwas applied to the source region. All realizations that transported a cumnulative mass of inert
tracer greater than or equal to 107 kg to the accessible environment over 10,000 years were
considered significant and retained for complete transport analysis. The number of realizations
screened in for scenarios S1, 52, $3, S4, and S5 are summarized in Table 3.2. A total of 151 runs
were screened in for further analysis in PAVT replicate 1 compared to 57, 53, and 64 runs in
replicates 1,2, and 3 of the CCA. Note that in scenario S6, all 100 realizations are analyzed using
PANEL.

Table 3.2. Summary of Realizations Screened In

PAVT CCA

Scenario R1 R1 R2 R3
s1 4 1 5 3
s2 68 23 17 2
s3 50 21 21 25
s4 15 6 5 7
S5 14 6 5 7

As noted in Section 3.1, the solubilities of actinides in oxidation states +I11, +IV, and +V were
changed in the PAVT (Table 3.1). These changes reduce the effective solubilities of contaminants
with the exception of actinides in the +IV state in the Castile brine. Note that the actinide
oxidation states of +VI were unchanged. The net effect of the solubility changes is illustrated in
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Figures 3.1 to 3.4. These Figures' show representative contaminant concentrations in EPA
units/m* within the repository as a function of time. S1 concentrations, which assume that Salado
brine is present in the repository, are shown for the PAVT (Figure 3.1) and the CCA (Figure 3.2).
S2 concentrations, which assume that Castile brine is present in the repository, are also shown for
the PAVT (Figure 3.3.) and CCA (Figure 3.4). Two major regions are evident in each of these
figures. In the first several thousand vears, constant concentrations are seen for the period in
which **' Am (oxidation state +I1I) controls the total EPA unit concentration and is solubility
limited. This region is shorter for realizations that sampled 2 higher **'Am solubility. The
transition to the second region occurs as the **! Am changes from solubility to inventory lirnited
and the EPA unit concentrations decrease. In the second region, 2*Pu solubility (oxidation state
+IIT or +IV) controls the EPA unit concentration. Note that higher concentrations are constant
but the lower concentrations show a slow decrease with time. This behavior occurs because the
sampled ***Pu solubility is low enough that other isotopes, which are inventory limited and have
interrnediate half-lives, contribute to the total EPA unit concentrations.

In the first region (**' Am-controlled), the lower ! Am solubilities in the PAVT are seen by
comparing Figures 3.1 (PAVT) and 3.2 (CCA) for the Salado brine and Figures 3.3 (PAVT) and
3.4 (CCA,) for the Castile brine. For the Salado brine, the PAVT *!'Am concentrations are ™
clustered around 1 x 10 EPA units whereas in the CCA they are clustered around the higher
value of 6 x 10 EPA units. For the Castile brine, the PAVT 2*' Am concentrations are clastered
around 2 x 10* EPA units whereas in the CCA they are clustered around 8 x 10* EPA units.

These same four Figures can also be used to compare solubilities in the second region (**Pu-
controlled). For the Salado brine, the PAVT **Pu concentrations (Figure 3.1) are lower and are
clustered around 2 x 10° EPA units whereas in the CCA (Figure 3.2) there are two distinct
clusters of solubilities, one around the solubility of ***Pu(+III) and another around the solubility of
Pu(+IV). In the PAVT, two distinct clusters are not seen because both actinide solubilities are
very low. For the Castile brine, the PAVT **Pu concentrations (Figure 3.3) show a slightly larger
spread than the CCA values (Figure 3.4), but with an increased number of lower concentrations
near 1 x 10 EPA units. The larger spread is due to the increase in #Py(+IV) solubility for
Castile brine.

Based on the above discussion, both the Salado and Castile solubilities of 2! Am tended to be
significantly lower in the PAVT than in the CCA. Salado »*°Pu solubilities in the PAVT also
tended to be much lower than in the CCA. In Castile brine, **Pu solubilities were higher or lower
than in the CCA depending on the sampled oxidation state, and on average were similar to the
CCA.

'These Figures were constructed for illustrative purposes only using the computer code PANEL.
Concentrations are based on a typical waste panel brine volume of 4,000 m®. Since PANEL requires a flow rate as
input, 2 Jow flow rate of 10 m%yr was assigned to prevent inventory depletion during PANEL calculations.
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3.3.1 Undisturbed Performance

The Salado flow analysis showed that only one undisturbed scenario (S1) vector (#38) produced
significant flow (3326 m’) outward across the LWB. This vector was the only realization that
released contaminants across the LWB (see Appendix C). These releases occurred at the LWB to
the south of the repository in Marker Bed 139, with a total integrated discharge of 4.84E-10 EPA
units out of all interbeds (see Figures C.1 - C.7 in Appendix C). The majority of this activity was
due to **Pu (3.4E-10 EPA units) and *'Am (8.67E-11 EPA units). These results are similar to
the CCA results where a total activity of 3.33E-10 EPA units was released. Further, as in the
CCA, these releases were likely due to numerical dispersion that was caused by the coarse lateral
gridding between the repository and lateral LWB, and large time steps at later times in the
calculation. This conclusion is also supported by the fact that the pore volume of Marker Bed
139 (which provides most of the flow in vector #38) between the repository and LWB is greater
than 155,000 m’.

3.3.2 Disturbed Performance (E1, E2, and E2E1 Intrusions)

In both the PAVT and the CCA, the only pathway for significant release in the disturbed scenarios
was the intrusion borehole. This behavior, described below, justifies the use of PANEL, which
ignores all pathways other than the borehole, for S6 calculations. For Salado transport
calculations under disturbed conditions, brine may enter the repository from the Castile, Salado,
or Culebra. For E1 intrusion scenarios where a borehole penetrates the Castile brine reservoir
(82, 83, 86), actinide solubilities in Castile brine were used. For E2 intrusions (54, 85),
solubilities in Salado brine were used.

The brine flow fields required for NUTS transport calculations are provided by the two-phase
flow model BRAGFLO. BRAGFLO was used to model two intrusion times of 350 and

1000 years. The flow fields corresponding to these two intrusion times were used to approximate
flow fields for the additional intrusion times of 100, 3000, 5000, 7000, and 9000 years. For
example, for the 100-year intrusion, flow fields from the 350-year intrusion were applied
beginning at 100 years. For the period from time zero to 100 years, flow fields from the
undisturbed scenario were used. Similarly, for each of the intrusions at 3000, 5000, 7000, and
9000 years, BRAGFLO flow fields from the 1,000-year intrusion were applied beginning at 3000,
5000, 7000, and 9000 years, respectively. In each of these intrusion cases, from time zero until
the intrusion time, flow fields from the undisturbed scenario were used.

In the E2E] intrusion scenario, one borehole penetrates the waste-filled panel at 1000 years and a
second borehole, drilled at the same location, penetrates the panel and underlying Castile brine
reservoir at 2000 years. The additional brine flow fields required for the PANEL calculations (at
times 100, 350, 1000, 4000, 6000, and 9,000) were simulated by shifting the BRAGFLO E2EI
flow conditions at the time of the E1 intrusion (2000 years) to the nominal intrusion time of
concern. For example, a 100 year intrusion was simulated by shifting the BRAGFLO time steps
backwards in time by 1900 years. Thus, at the start of the 100 year PANEL run, the repository
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had already had an E2 intrusion for 900 years and at 100 years, the E1 intrusion occurred. The
releases during the final 1900 years were obtained by using the pane] brine volume and borehole
flow rate from the final time step in the BRAGFLQ E2E1 simulation. For a nominal intrusion
time after 2000 years, the BRAGFLO initial conditions were maintained until the first BRAGFLO
time shifted time step. This method of time shifting resulted in artificially high repository
saturations at very early times in the 100, 350, and 1000 year time shifted runs, which can be seen
in the large volumes of brine that were released at early times in these calculations.

The integrated discharges (in EPA units) up the borehole and into the Culebra from the NUTS
and PANEL calculations for all screened-in realizations are listed in tabular form in Appendix C.
The realizations in each of the Tables were sorted by the total EPA units discharged to the
Culebra summed over all 5 transported isotopes. Figures C.8 through C.91 show the discharge to
the Culebra for all intrusion times for scenarios 2 through 5. For all scenarios, releases decreased
with later intrusion times because of ! Am decay. Releases also decreased with later intrusion
time because of less time for long-term flow after the intrusion. Figures C.92 through C.133
show the discharge to the Culebra for the multiple intrusion E2E1. Like the El intrusions, the
E2E1 intrusion was **! Am dominated for the first 3000 to 4000 years, after which radioactive
decay of ' Am results in **Pu dominance. In the S2 and S3 scenarios, a small amount of brine
(<1.2 m) flowed upward in the borehole beyond the top of Rustler (see Appendix A, Sections
A2.1.1.1.3 and A.2.1.2). NUTS transport results show that this brine was uncontaminated.

A summary of PAVT replicate 1 statistical measures (10th percentile, median, mean, 90th
percentile, and maximum) for total releases to the Culebra (in EPA units) for each scenario and
intrusion time is shown in Table 3.3. Equivalent information for the three CCA replicates
combined is shown in Table 3.4

For the E1 scenarios (S2, S3, $6) with early time (<2000 years after closure) intrusions, larger
upward borehole flows in the PAVT relative to the CCA, were offset by the reduced *'Am
solubility. As a consequence, radionuclide releases to the Culebra from early time E1 intrusions
were only slightly larger, on average, in the PAVT (Table 3.3) than in the CCA (Table 3.4). For
later E1 intrusion times, PAVT releases tended to be moderately larger than those in the CCA.
The larger PAVT flows were not offset as much at later times because the *°Pu solubilities were
similar to the CCA. Releases to the Culebra from later E1 intrusion times were much less than
from early intrusions.

The top realizations in terms of maximum 10,000 year integrated release (in EPA units) to the
Culebra for specified intrusion times for scenarios S2 through S6 are summarized for the PAVT
(maximum from replicate 1) in Table 3.5 and for the CCA (maximum from all 3 replicates) in
Table 3.6. As was predicted in the CCA, high releases were controlled either by *!Am or “*Pu.
Contrary to the larger mean and 90th percentile releases in the PAVT, maximum releases to the
Culebra from early time E1 intrusions were smaller in the PAVT. For example, in PAVT replicate
1, the maximum release to the Culebra is 28.9 total EPA units (vector #28, S6 at 100 yrs) as
compared to 95.0 total EPA units (vector #111, S6 at 100 y1s) in the CCA (replicate 2). It should
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be noted that in the CCA the maximum releases to the Culebra in replicates 1 and 3 were 9.2 and
26.3 total EPA units, respectively. Both of these maximum releases are less than the maximum
PAVT replicate I release. The reduced maximum early time E1 release in the PAVT was likely
caused by the significant reduction in the Castile solubilities of ' Am. The ' Am solubility in
PAVT vector #28 was 1.62E-7 moles/liter versus 2.63E-6 moles/liter in CCA vector #111. In the
PAVT, vector #28 had the largest brine discharge to the Culebra (108,960 m® in S6, 102,340 mr’
in 83, and 105,040 m’ in $2); in the CCA, vector #111 had the highest brine discharge to the
Culebra (62,000 m’ in S6, 67,000 m® in $3, and 62,000 m’ in S2). The lower *'Am solubility in
the PAVT offset the higher upward borehole flow, resuiting in a lower release to the Culebra.

For E2 intrusions (S4, S5) at all times, radionuclide releases to the Culebra tended to be much less
than in the CCA due to both lower upward borehole flows and reduced solubilities of both 2’ Am
and **Pu in Salado brine. For E2 intrusions, maximum releases were also significantly lower in
the PAVT.

Note that other factors such as volume of repository swept by incoming brine and the flow path
brine takes once it is contaminated, also influence the quantity of radionuclides that enter the
borehole and flow upward to the Culebra. These factors were responsible for the large
differences in releases between scenarios $3 and S6 in both the PAVT and the CCA. For
example, in S3 a large fraction of the brine flow that flowed upward from the Castile continued to
flow up the borehole without mixing with the waste. This behavior occurred for two reasons: (1)
the waste inventory in the region near the borehole became depleted; and (ii) outward flow into
the repository from the borehole decreased as the repository became saturated with brine. In S6,
radionuclide releases computed with PANEL were based on the assumption that all of the brine
that flowed upward beyond the top of the DRZ had contacted all of the waste within the intruded
panel and was then instantly injected into the Culebra.

In the single intrusion scenarios, the highest release to the Culebra in the PAVT was from
scenario S2 (vector#28), an E! intrusion at 100 years. In the CCA, the highest single intrusion
release occurred in scenario S4 (vector#24), an E2 intrusion at 100 years. CCA vector #24
discharged 40,000 m’ to the Culebra following the E2 intrusion. In the PAVT, the E2 intrusions
(54 and S5 scenarios) produced only small brine discharges to the Culebra (< 5000 m®) as
discussed in Section 2 and, coupled with the reduced **' Am solubility, produced much lower
releases than in the CCA. For further comparison, the maximum releases to the Culebra in the
PAVT from **!Am, **Puy, **Pu, 21, and ZTh were 27.5, 2.99, 0.202, 0.014, and 0.029 EPA
units, respectively. In the CCA, the corresponding maximum releases to the Culebra were 94.6,
20.8, 0.005, 0.013, and 0.177 EPA units. Again, as was predicted in the CCA, high releases to
the Culebra are controlled either by *' Am or Py,
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Table 3.3. Statistical Summary of PAVT Total 10,000 Year Integrated Release (EPA units)
up the Borehole to the Culebra* For Each Scenario (Replicate 1).

Scenario ,1!?[::5(;:) Pcrlo(::tnliile Median Mean 90th Percentile Maximum
S1 none* 0.00 0.00 4.8E-12 0.00 4.8E-10
- 100 0.00 8.00E-06 0.164 0.621 2.90

350 0.00 7.97E-06 0.146 0.597 2.51
1000 0.00 0.00 6.65E-02 0.270 1.11
3000 0.00 0.00 4.13E-02 0.174 0.65
S3 5000 0.00 0.00 3.15E-02 0.128 0.52
7000 0.00 0.00 2.20E-02 0.0771 0.29
9000 0.00 0.00 1.27E-02 0.0401 0.23
4 100 0.00 0.00 3.77E-03 1.28E-03 0.20
350 0.00 0.00 3.43E-03 1.09E-03 0.19
1000 0.00 0.00 1.52E-03 6.37E-04 0.06
3000 0.00 0.00 5.22E-04 0.00 0.01
S5 5000 0.00 0.00 2.24E-04 0.00 0.01
7000 0.00 0.00 1.14E-04 0.00 0.01
9000 0.00 0.00 0.00 0.00 0.0
100 1.51E-12 3.31E-03 1.38 4.26 28.9
350 1.51E-12 3.25E-03 1.30 4.07 27.1
1000 1.51E-12 3.23E-03 1.03 3.64 18.2
S6 2000 1.44E-12 3.04E-03 0.567 2.40 7.11
4000 0.00 6.03E-04 0.150 0.408 246
6000 0.00 1.25E-04 0.0974 0.207 1.82
9000 0.00 7.60E-05 0.0496 0.0951 1.01

31 releases are through the Salado interbeds to the LWB. S2 through 56 releases are up the borehole to the Culebra
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Table 3.4. Statistical Summary of CCA Total 10,000 Year Integrated Release (EPA units)
up the Borehole to the Culebra* For Each Scenario (Replicates 1,2, and 3).

Scenario ,1};11:;2;:) Perlc(t):g::ile Median Mean 90th Percentile Maximum
S1 none* 0.00 0.00 1.5E-12 0.00 3.3E-10
5 100 0.00 0.00 0.0750 0.0395 6.62

350 0.00 0.00 0.0650 0.0323 6.04
1000 0.00 0.00 2.66E-02 2.53E-02 2.19
3000 0.00 0.00 4.69E-03 5.10E-03 0.36
S3 5000 0.00 0.00 1.76E-03 1.98E-03 0.24
7000 0.00 0.00 9.63E-04 7.50E-04 0.14
9000 0.00 0.00 3.00E-04 1.04E-04 0.035
S4 100 0.00 0.00 9.25E-02 0.00 21.1
a50 0.00 0.00 B.83E-02 0.00 204
. 1000 0.00 0.00 7.68E-02 0.00 18.4
3000 0.00 0.00 4.76E-02 0.00 11.6
S5 5000 0.00 0.00 2.14E-02 0.00 5.62
7000 0.00 0.00 5.48E-03 0.00 1.10
%000 0.00 0.00 1.43E-04 0.00 0.027
100 0.00 2.06E-03 0.728 0.629 95.0
as0 0.00 2.05E-03 0.603 0.555 68.7
1000 0.00 2.05E-03 0.368 0.479 26.0
56 2000 0.00 1.76E-03 0.165 0.384 5.57
4000 0.00 2.68E-04 0.0162 0.0408 0.792
6000 0.00 4.63E-05 6.52E-03 8.85E-03 0491
9000 0.00 2.75E-05 3.16E-03 4. 98E-03 0.195

* 51 releases are through the Salado interbeds to the LWB. S2 through 56 releases are up the borehole to the Culebra
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Table 3.5. Maximum PAVT Total 10,000 Year Integrated Release (EPA units) up the Borehole to the
Culebra For Each Disturbed Scenario at Specified Intrusion Times (Replicate 1).

°

Intrusion | o 1 g 29py, 33py 241 20Th Total
Time (yrs)

2 100 28 2.33E+00 5.36E-01 3.15E02 3.06E-04 3.15E-03 2.90
350 28 1.96E+00 5.32E-01 1.79E-02 3.02E-04 3.15E-03 2.51

1000 28 5.83E-01 5.20E-01 2.95E-06 2.84E-04 2.82E-04 1.11

3000 83 3.03E-02 6.15E-01 2.03E-08 4.20E-03 5.69E-04 (.65

53 5000 83 6.60E-03 5.10E-01 1.53E-10 3.48E-03 5.64E-04 0.52
7000 28 1.34E-04 2.90E-01 8.41E-15 1.67E-04 1.51E-0Q3 0.29

9000 28 6.01E-06 2.29E-01 5.98E-17 9.71E-05 1.25E-03 .23

s 100 28 1.90E-01 1.34E-(2 4.66E-(5 9.52E-07 1.95E-05 0.20
350 23 1.79E-01 1.34E-02 1.84E-06 9.50E-07 1.95E-05 0.19

1000 28 491E-02 1.13E-02 2.02E-08 8.06E-07 1.70E-05 0.06

‘ 3000 5 4.90E-06 1.43E-02 1.17E-16 3.90E-05 9.56E-06 0.01
S5 5000 28 T7.66E-05 1.13E02 1.52E-14 8.06E-07 1.66E-05 0.01
7000 28 6.29E-06 1.13E-02 3.27E-17 8.06E-07 1.66E-05 0.01

9000 0.0 0.0 0.0 0.0 0.0 0.0

100 28 2.75E+01 1.29E+00 1.05E-01 5.64E-04 1.77E-02 289

350 28 2.58E+01 1.28E+00 1.47E-02 5.61E-04 1.86E-(}2 27.1

1000 28 1.70E+01 1.23E+00 8.85E-05 5.43E-04 2.08E-02 18.2

S6 2000 54 4. 48F4+00 2.60E+00 6.54E-08 9.75E-03 1.82E-02 7.11
4000 54 2.44E-01 2.19E+00 9.59E-15 8.25E-03 1.92E-02 246

6000 54 3.17E-02 1.76E+00 1.40E-21 6.66E-03 1.82E-02 1.82

9000 54 1.80E-02 9.73E-01 7.81E-32 3.70E-03 1.23E-02 1.01

Maximum Release 289
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Table 3.6. Maximum CCA Total 10,000 Year Integrated Release (EPA units) up the Borehole to the Culebra
For Each Disturbed Scenario at Specified Intrusion Times (Replicates 1,2, and 3).

. Scenario ;?;::S(;c;g) Vector ®Am 3Py PPy By 30Th Total
$ 100 111 6.57E+00 4.51E-02 1.73E-03 5.23E05 9.40E-04 6.62
350 It 6.00E+00 4.44E-02 8.07E-05 2.21E-05 9.28E-04 6.04

1000 111 2.15E+00 4.40E-02 1.23E-06 7.48E-06 1.01E-03 2.19

3000 128 4.32E-02 3.16E-01 2.69E-08 9.86E-06 3.21E-04 0.36

3 5000 128 3.76E-03 2.36E-01 1.76E-10 7.20E-06 2.41E-04 0.24
7000 128 2.06E-04 1.42E-01 2.67E-13 4.26E-06 1.49E-04 0.14

9000 128 1.36E-05 3.53E-02 2.59E-15 1.05E-D6 4.94E-05 0.04

4 100 23 1.41E-01 2.08E+01 1.55E-06 1.31E-02 1.77E-01 | _ 21.1
350 23 5.87E-02 2.01E+01 2.39E-07 9.43E-03 1.72E-01 20.4

1000 23 1.34E-02 1.82E+01 6.12E-09 1.16E-02 1.55E-01 18.4

3000 23 2.82E-04 1.15E+01 6.59E-14 547E-03 9.85E-02 11.6

. S5 5000 23 1.65E-05 5.57E+00 1.39E-16 2.72E-03 4 76E-02 5.62
7000 23 6.81E-08 1.09E+00 1.68E-18 5.14E-04 9.24E-03 1.10

9000 124 8.75E-08 2.67TE-02 1.86E-18 3.54E-06 2.64E-04 (.03

100 111 9.46E+)1 4.29E-01 3.83E-02 6.88E-05 2.03E-03 95.0

350 111 6.82E+01 4.24E-01 5.36E-03 6.85E-05 2.13E-(03 68.7

1000 111 2.56E+01 4.09E-01 3.23E-05 6.63E-05 2.37E-03 26.0

S6 2000 111 5.18E+00 3.87E-01 1.24E-08 6.29E-05 2.69E-03 5.57
4000 128 1.34E-01 6.57E-01 0.83E-14 2.05E-05 1.28E-03 0.79

6000 128 2.30E-02 4.67E-01 1.00E-20 1.46E-05 1.03E-03 0.49

9000 128 9.80E-03 1.84E-01 5.60E-31 5.78E-06 4.73E-04 0.20

Maximum Release 95.0
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40  CULEBRA TRANSPORT CALCULATIONS

This section summarizes differences between the PAVT and CCA Culebra transport calculations,
These calculations were performed using SECOFL2D and SECOTP2D. SECOFL2D was used to
calculate ground-water flow assuming single porosity, steady-state conditions. SECOTP2D was
used to calculate transport and cumulative release of radionuclides to the accessible environment
assuming dual-porosity transport behavior with linear equilibrium sorption. Sorption is assumed
to occur in the matrix only. Important future events such as potash mining and climate change
were included.

The key performance measure for comparing PAVT and CCA Culebra transport results is the
cumulative discharge of radionuclides across the LWB.

4.1  Changes to Parameters

The Culebra matrix distribution coefficients were represented by loguniform probability
distributions rather than the uniform probability distributions used in the CCA. The ranges of k,
values used in the CCA for each probability distribution were unchanged.

4.2  Changes to Model

Seven significant code changes were made to SECOTP2D subsequent to the CCA calculations
(Change Control Form, WPQ #45730):

(1) mass balance reporting was implemented to enable monitoring of the total mass of each
contarminant in the system during the 10,000 year regulatory period (WPO #45730);

(2)  the source-term algorithm was corrected to ensure that the correct amount of mass (1kg)
was injected into the system (SPR No. 97-006);

(3} the discharge calculation at the model domain (grid) boundary was corrected to ensure
that the mass of each contaminant leaving the system was accurately tracked (SPR No.
97-012),

(4)  the total variation diminishing (TVD) limiters at the boundaries of the model domain were
restricted to have values equal to zero (equivalent to upwinding) to reduce the potential
for numerical instabilities near boundaries (SPR No. 97-013);

(5)  logic was modified to avoid redundant coefficient generation and LU decomposition
calculations in the solution of the matrix diffusion equation when a constant time step was
used (WPO #45730);

(6) the van Leer TVD limiter was changed so that it is consistent with published references
(WPO #45730);

(7)  logic was introduced to limit the application of TVD to computational cells in which the
Courant number was less than or equal to one (WPO #45730).

These modifications have improved the robustness, computational efficiency, and accuracy of
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SECOTP2D.

Three important model implementation changes were made for the PAVT. Numerical studies of
SECOTP2D have shown that substantially improved mass balance characteristics are obtained in
the Culebra transport calculations if the operator splitting factors (SECOTP2D User’s Manual,
Version 1.30, WPO #36695) are set to a,=0 and a=1. Inthe CCA, these parameters were both
set to 0.5. The second implementation change was to set Dirichlet boundary conditions equal to
zero (specified concentrations equal to zero) at the transport grid boundaries. In the CCA, the
automatic boundary condition scheme was implemented; this scheme enforced a zero Neumann
condition (zero flux) at the boundary if flow was out of the model domain and zero Dirichlet
(zero concentration) if flow was into the domain. In the PAVT, a zero Dirichlet condition (zero
concentrations) was enforced at all grid boundaries during the simulation to avoid instabilities
caused by alternating flow directions in adjacent computational cells along the model domain
boundaries. Note that this choice of boundary condition does not influence the predicted
contaminant discharges across the LWB since the model domain boundaries were positioned far
from the LWB. The third important model implementation change was to use a variable time step
in the transport calculations to avoid solution oscillations at early times. The variable time step
Wwas prescribed as follows: the initial time step was 0.01 years for the 50 years, a variable time
step that gradually increased to one year by a factor of 1.001 each year up to the time of
approximately 1000 years, and a constant time step of one year thereafter,

Two additional changes were implemented in the PAVT. First, in the CCA, the matrix was
discretized with 20 nodes; in the PAVT, 21 nodes were used. Second, in the CCA, the
northeastern corner of the regional domain was modeled using no-flow boundary conditions. In
the PAVT, these boundary conditions were changed to a specified head boundary condition to be
more consistent with the specified head boundary conditions that are applied in this region during
the transmissivity field generation process (Analysis Package for the Culebra Flow and Transport
Calculations, WPO #40516). This change should not influence the flow field at the local
(transport) scale and therefore should not influence the PAVT Culebra transport results,

4.3  Impact of Changes on Model Resulfs

The following steps in the analysis were implemented identically in the PAVT and CCA. The first
step in the transport analysis was to generate the Culebra transmissivity field (T-field).
Uncertainty in the T-field was quantified by generating 100 equally likely representations of the T
fields through geostatistical analysis. Potash mining was incorporated into the analysis according
to the guidelines and recommendation given in 40 CFR Part 194, Mining impacts were
considered by uniformly scaling the transmissivity in regions considered to contain economically-
extractable resources by a factor (MINP_FAC) of 1 to 1000. Mining effects were treated
differently depending on the location of the resources with respect to the LWB. Outside the
LWB, it was assumed mining will occur prior to sealing the disposal facility. Inside the LWB,
mining occurred with a probability of 1 in 100 each century. The probabilistic aspects of mining
associated with the time of occurrence within the LWB are accounted for in the construction of
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the CCDF. The analysis was therefore essentially based on two sets of transmissivity fields; one
with mining outside the LWB (partial mining scenario), and one with all regions mined (full
mining scenario). These two sets of transmissivity fields were used to produce two sets of steady-
state groundwater flow fields, one for the partial mining scenario and one for the full mining
scenario. The impact of potential climate variations on these steady-state flow fields was
addressed by uniformly scaling the x and y components of the Darcy flow velocity by a single
value ranging from 1.0 to 2.25, known as the climate index (CLIMTIDX). The PAVT results are
summarized as follows.

In the CCA, only two realizations resulted in conditional releases® across the LWB. In these two
realizations, only two radionuclides were released, **U and negligible amounts of **Th (less than
3.0E-7 kg). Because a loguniform distribution for k; was used in the PAVT, sampled k, values
tended to be much smaller than those used in the CCA. As a consequence, several realizations
resulted in the conditional releases of “**U and insignificant amounts of ***Th (less than 4.0E-6 kg)
at the LWB.

The realizations were ranked according to the conditional release of “*U. Results are prov1ded in
Appendix D for both the partial mining and full mining scenarios. Also provided are
corresponding values of the following parameters; MINP_FAC (mining impact factor),
CLIMTIDX (chimate index), APOROS (fracture porosity), DPOROS (matrix porosity),
HMBLKT (half block length of the matrix), OXSTAT (actinide oxidation state parameter), and
MKD_U (k, value for matrix sorption). The tabulated results show that 22 partial mining and 20
full mining scenarios produced a conditional ***U release greater than 1.0E-10 kg. Only 7 partial
mining and 8 full mining scenarios produced a conditional release greater than 0.1 kg. The
maximum possible release of the entire source of 1 kg occurred in realization #79 with full mining
and almost occurred (> 0.9 kg) in realization #74 with full mining and realization #79 with partial
mining. These results are shown graphically in Figures 4.1 (partial mining) and 4.2 (full mining).
Note that all conditional releases greater than 1.E-10 kg had a value of OXSTAT greater than 0.5
corresponding to an oxidation state of released 2**U of +VI. This isotope had the lowest range of
matrix distribution coefficients as shown in Table 4.1. Other factors such half-block length of the
matrix, mining impact factor, climate index, and transmissivity field also influence, in a complex
way, the conditional release across the LWB. This combination of factors is why vector #79 had
the highest discharge yet didn’t have the lowest k,.

Statistical summaries of PAVT and CCA Culebra conditional “**U releases are shown in Tables
4.2 and 4.3, respectively. Mean, 90th percentile, and maximum discharges are all higher in the
PAVT. However, even with the maximum PAVT SECOTP2D conditional discharge (full mining
vector #79) of 1 kg, the maximum release of **U to the Culebra predicted by the Salado transport

*The computational sirategy used in the Culebra transport analysis takes advantage of the linearity of the system
of partial differential equations that underlies SECOTP2D. Transport calculations were performed for unit kg releases
to the Culebra. These calculations identify conditional releases. Using the linearity of the system, the conditional
releases are then used to construct ransport results for arbitrary time-dependent releases into the Culebra using NUTS

and PANEL calculated radionuclide sources.
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analysts is only 0.0136 EPA units (Appendix C, scenario S6, 100 vear intrusion time, vector #83).
If these two maximum values were combined, the 1 kg conditional release would produce a *U
release of only 0.0136 EPA units across the LWB (assuming 1 intrusion in 10,000 years).

Table 4.1 Matrix Distribution Coefficients

Isotope Low Oxidation State High Oxidation State
Low/High Oxidation State k, range (m’/kg) k, range (m’/kg)
B IV(VD 0.9 to 20 0.00003 to 0.03
Py (IIH/(IV) 0.02to 0.5 0.9 to 20
#Am (Y1) 0.02t0 0.5 0.02t0 0.5
ETh AV)AIV) 0.9 t0 20 0.9 t0 20

Table 4.2. Statistical Summary of PAVT Conditional ***U Release (kg) Through the Culebra to
the LWB from a 1 kg Source (Replicate 1)

Mining 10th Median Mean 90th Maximum
Percentile Percentile

Full 0.0 0.0 0.057 0.027 1.00

Partial 0.0 0.0 0.035 0.047 _ 0.92

Table 4.3. Statistical Summary of CCA Conditional U Release (kg) Through the Culebra to the
LWB from a 1 kg Source (All 3 Replicates)

Mining 10th Median Mean 90th Maximum
)l Percentile Percentile
Full j 0.0 0.0 0.003 0.0 0.91
Partial 0.0 0.0 0.0004 0.0 0.11 !
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The hydraulic conductivity fields (K-fields), hydraulic head contours, and contaminant
concentrations for vector #79, in both the partial and full mining scenarios, are presented in
Figures 4.3 through 4.8. The locations of the high-K zones are identified in both scenarios
(Figures 4.3 and 4.4), as are the locations of the LWB and waste repository area. The
groundwater flow solutions at 10,000 years, in the form of hydraulic heads, for both scenarios
(Figures 4.5 and 4.6) show that flow within the region defined by the LWB was predominately
southward through the higher K-zones , with some flow in the southwesterly direction,
particularly with full mining. Conditional “**U concentrations (based on a unit source) at 10,000
years (Figures 4.7 and 4.8) show that the contaminant plumes also moved predominately
southward with the flow field.

Finally, conditional mass balance errors® for each radionuclide were monitored in the PAVT
Culebra transport simulations and are presented in Appendix D (Figures D.1 through D.5 for
partial mining and Figures D.6 through D.10 for full mining). These Figures show that
conditional mass balance errors for all radionuclides and simulations were very small, with the
maximum error being 0.014 kg for **U in full mining vector #57 (Figure D.6).

3 . .
These mass balance errors are based on a unit 1 kg source in the Culebra.
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5.0  CUTTINGS, CAVINGS, AND SPALLINGS CALCULATIONS

This section summarizes differences between the PAVT and CCA direct releases due to cuttings,
cavings, and spallings. The cuttings, cavings, and spallings calculations were performed using
CUTTINGS_S. Note that in the PAVT, releases due to spallings were calculated using a
different approach than the one used in the CCA. The new approach is described below in
Section 5.2

The key performance measure for comparing PAVT and CCA direct releases due to cuttings,
cavings, and spallings is the volume of waste released at the ground surface. Volume of waste
released is passed on to CCDF_GF where this information is combined with activity data and
scenario probabilities to compute direct radionuclide releases due to cuttings, cavings, and
spallings.

5.1  Changes to Parameters
Changes to input parameters were implemented in CUTTINGS_S as follows:

(1} The waste shear strength (Pa) was changed from a uniform distribution ranging from 0.05
to 10 to a loguniform distribution ranging from 0.05 to 77 based on expert elicitation
{(Wang and Larson, 1997).

(2)  The drill string angular velocity (rad/s) was changed from a constant value of 7.8 to
cumulative distribution ranging from 4.2 to 23.0 with a mean value of 7.77.

(3} The new approach used to calculate spallings volumes did not require values for diameter
of solid particles and gravitational effectiveness factor. In the CCA, particle diameter was
sampled from a loguniform distribution ranging from 4.0E-5 to 0.2 m and gravitational
effectiveness factor was sampled from a uniform distribution ranging from 1.0 to 18.1.

5.2  Changes to Model

The following approach was used for calculating releases due to spallings in the PAVT (Change
Control Form, WPO #45969). Volumes of waste released due to spallings were calculated by
sampling a probability distribution for spallings volume. If the repository pressure exceeded 8
MPa at the time of intrusjon, the sampled spallings volume was used as a spallings release.
Spallings volume was represented by a uniform distribution ranging from 0.5 to 4.0 m’.

3.3 Impact of Changes on Model Results

Volumes of material released due to cuttings, cavings, and spallings were determined for the
following conditions:
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ey An initial intrusion at 100, 350, 1000, 3000, 5000, or 10000 years after closure for
undisturbed conditions (designated scenario S1);

(2)  Aninitial E1 intrusion at 350 years followed by a second intrusion at 550, 750, 2000,
4000, or 10000 (designated scenario $2);

(3)  Aninitial E] intrusion at 1000 years followed by a second intrusion at 1200, 1400, 3000,
5000, or 10000 years (designated scenario S3);

(4)  Aninitial E2 intrusion at 350 years followed by a second intrusion at 550, 750, 2000,
4000, or 10000 years (designated scenario S4);

(3 An mitial E2 intrusion at 1000 years followed by a second intrusion at 1200, 1400, 3000,
5000, or 10000 years (designated scenario S5).

For the S1 scenario, spallings calculations were performed for intrusions into both upper and
lower waste panels. For scenarios S2 through S5, releases were calculated for two cases for each
of the second intrusion times: (i) intrusion into the same waste panel as the first intrusion; and (ii)
intrusion into a different waste panel than the first intrusion. Intrusion times 200 and 400 years
after the initial time (i.e., 550 and 750 years for an initial intrusion at 350 years, and 1200 and
1400 years for an initial intrusion at 1000 years) were selected to give results just before and after
the borehole plugs are assumed to fail. Wider time intervals were used at later times because gas
pressure tends to change rather slowly at later times. The distinction between intrusion into same
and different panels was made because of the possible effects of the resistance to flow between
waste panels.

Representative release volumes to the accessible environment from cuttings, cavings, and spallings
are shown for the PAVT and CCA in Figures 5.1 through 5.10. Results are only presented for an
S1 scenario with an intrusion into the lower repository region at 10,000 years and an S2 scenario
with the second intrusion at 10,000 years. Tabulated results for scenarios S1 {lower) and S2
through S5, all with an intrusion at 10,000 years are provided in Appendix E. In addition, box
plots showing volume removed and normalized release (EPA units) for all conditions are provided
in Appendix E in Figures E.1 through E.12 (for the PAVT) and Figures E.13 through E.24 (for
the CCA).

Cuttings and cavings releases for the scenario S1 (replicate 1} 10,000-year intrusion are shown in
Figure 5.1 (for the PAVT) and 5.2 (for the CCA). Cuttings and cavings results for other
scenarios and intrusion times were the same because cuttings and cavings volumes are not
influenced by repository conditions at the time of intrusion and are therefore scenario
independent. Cuttings and cavings volumes depend only on sampled parameters such as waste
shear strength and drill string angular velocity. Statistical measures of PAVT and CCA cuttings
and cavings release volume are shown in Table 5.1. Releases for the PAVT range from
approximately 0.3 to 3.9 m’. Releases for the CCA range from approximately 0.4 to 2.9 m*. The
PAVT results show a much larger number of releases greater than 1.0 m® (36 versus 7) and
greater than 2.0 m® (16 versus 1). The uncertainty in the volume of waste removed by cuttings
and cavings was determined by the waste shear strength parameter TAUFAIL (Figures 5.3 and
5.4). Inthe PAVT, the range of TAUFAIL values was increased and the distribution was
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changed from a uniform to loguniform distribution. The impact of the higher maximum
TAUFAIL value resulted in more small releases while the impact of converting the distribution to
loguniform resulted in more large releases (more TAUFAIL values near zero were sampled).
Also note that the PAVT curve is less smooth than the CCA curve; this behavior is likely due to
the fact that the drill string angular velocity was sampled in the PAVT whereas it was a fixed
value in the CCA.

Representative spallings release volumes are shown in Figures 5.5 and 5.6. Spallings releases
occur only if the repository pressure exceeds 8 MPa at the time of intrusion. Spallings releases in
both the PAVT and the CCA range from 0.0 mto 4.0 m’. In the CCA, there were two distinct
groupings of releases with no releases in the region from 2.4 to 3.2 m’. In the PAVT, releases
were spread uniformly over the range of releases because the volumes were sampled from a
uniform distribution (see Section 5.2). For scenario S1, repository pressures were similar in the
PAVT and CCA, therefore, spallings volumes removed were also similar (see Figures 5.5 and 5.6
and Table 5.1). For the disturbed scenarios (52 and others), there were more repository pressures
greater than 8 MPa in the PAVT than in the CCA resulting in many more vectors which produced
spallings volume releases. The increased spallings releases (volume removed and normalized
release) in the PAVT are evident in the statistical comparison in Table 5.2 which shows that the
mean and 90th percentile values were much higher in the PAVT than in the CCA.

The combined impact of cuttings, cavings, and spallings for scenarios S1 and S2 are shown in
Figures 5.7 through 5.10. In scenario S1, total release volumes in the PAVT range from 0.3 to
6.6 m’ (Figure 5.7) compared to values in the CCA that range from 0.4 to 4.6 m® (Figure 5.8). In
the disturbed scenario S2 (as well as in the other disturbed scenarios), the PAVT release volumes
(Figure 5.9) were also larger than the CCA volumes (Figure 5.10) due to the larger cuttings and
cavings releases. In addition, there were more PAVT vectors with releases, corresponding to
vectors with repository pressures greater than 8 MPa.
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Table 5.1. 10th Percentile, Median, Mean, 90th Percentile, and Maximum Output Variable Values from

the PAVT and CCA Simulations for Scenario S1 (initial E2 intrusion at 10,000 years)

Output Variable Time PAVT Simulation (R1) CCA Simulation (R1,R2, R3 combined)

Description (yrs) | 10th | Median | Mean | 90th | Max. | 10th | Median | Mean | 90th Max
Cuttings and Cavings { 10000 0.32 0.67 1.0 2.3 3.9 0.43 0.51 0.60 0.87 2.9
Volume (m’)
Spallings Volume 100004 0.0 1.6 1.7 3.5 4.0 0.0 2.1 2.1 3.7 3.9
(m)
Spallings Rclease 10000 ¢ 0.0 0.0072 | 0.0074 | 0.015 | 0.018 0.0 0.0093 [ 0.009! | 0.016 0.017
(EPA units)
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Table 5.2. 10th Percentile, Median, Mean, 90th Percentile, and Maximum Output Variable Values from the PAVT and CCA
Simulations for Scenario S2 (E1 intrusion at 350 yrs, E2 intrusion at 10,000 years, same panel)

Qutput Variable Time PAVT Simulation (R1) CCA Simulation (R1, R2, R3 combined)
Description (5rs) | 10th | Median | Mean | 90th | Max. | 10th | Median | Mean | 90th | Max.
Cuttings and 10000 0.32 0.67 1.0 23 3.9 0.43 0.51 0.60 0.87 29
CavingsVolume (1r’)
Spallings Volume 10000 0.0 0.0 1.2 33 4.0 0.0 0.0 0.19 0.0 3.7
(m’) :
Spallings Release 10000 0.0 0.0 0.0051 0.015 0.018 0.0 0.0 0.0009 0.0 0.016

(EPA) units
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6.0 DIRECT BRINE RELEASE CALCULATIONS

This section summarizes differences between the PAVT and CCA direct brine release (DBR)
calculations. Note that in the CCA, DBR was sometimes referred to as blowout. In these
calculations, the release of brine to the surface via an intruding borehole was predicted by using
BRAGFLO to model short-term 