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brine volume releases.  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 a previous E1 intrusion; in the S4 and S5 scenarios, the lower panel has a previous E2 
intrusion. 

Figure 5-48 through Figure 5-52 show probability plots of CRA-2004 PABC DBR volumes for 
Scenarios S1 through S5, lower intrusion, at the discrete times for which DBR is calculated.  A 
probability plot displays the percentage of the vectors on the x-axis where release volumes are 
less than the value on the y-axis.  Figure 5-48 shows DBR volumes for Scenario S1 representing 
the initial intrusion at various times.  Figure 5-49 and Figure 5-50 show DBR volumes for 
Scenarios S2 and S3, which represents a subsequent intrusion (at various times) into a panel that 
had an E1 intrusion at 350 years and 1,000 years, respectively.  Figure 5-51 and Figure 5-52 
show DBR volumes for Scenarios S4 and S5, which represent a subsequent intrusion (at various 
times) into a panel that had an E2 intrusion at 350 years and 1,000 years, respectively.  Release 
volumes are larger and occur more frequently in the S2 and S3 scenarios, because the lower 
panel has much higher saturations after an E1 intrusion. 

Previous sensitivity analysis has determined that a DBR volume from a single intrusion is most 
sensitive to the initial pressure and brine saturation in the intruded panel (Stein 2003).  This 
analysis is repeated below for Scenario S2, for the CRA-2004 PABC.  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 Sections 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 5-53 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 Sb minus residual brine saturation Sbr 
in the waste, see (Stein, 2003b)].  The figure clearly shows that there are no releases until 
pressures exceed about 8 MPa as 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 to 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 0.2 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 releases may 
be as long as 11 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. 
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Figure 5-48.  DBRs for Initial Intrusions into Lower Panel, Replicate R1, 

Scenario S1 from CRA-2004 PABC. 
(Note: Legend gives scenario number and intrusion time) 
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Figure 5-49.  DBRs for Second Intrusions into Lower Panel, After an Initial E1 Intrusion at 350 Years 

Replicate R1, Scenario S2 from CRA-2004 PABC.  
(Note: Legend gives scenario number and intrusion time) 
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Figure 5-50.  DBRs for Second Intrusions into Lower Panel, After an Initial E1 Intrusion at 1,000 Years  

Replicate R1, Scenario S3 from CRA-2004 PABC.  
(Note: Legend gives scenario number and intrusion time) 
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Figure 5-51.  DBRs for Second Intrusions into Lower Panel, After an Initial E2 Intrusion at 350 Years  
Replicate R1, Scenario S4 from CRA-2004 PABC.  
(Note: Legend gives scenario number and intrusion time) 
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Figure 5-52.  DBRs for Second Intrusions into Lower Panel, After an Initial E2 Intrusion at 1,000 Years  

Replicate R1, Scenario S5 from CRA-2004 PABC.  
(Note: Legend gives scenario number and intrusion time) 
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Figure 5-53.  Sensitivity of DBR Volumes to Pressure and Mobile Brine Saturation, Replicate R1, 
Scenario S2, Lower Panel from CRA-2004 PABC.  

(Note: Symbols indicate the range of mobile brine saturation given in the legend.) 
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Figure 5-54 plots mobile saturation versus pressure for the S2 scenario for all intrusion times 
with symbols indicating the range of DBR volumes.  

Borehole permeability may be an important parameter in controlling the volume of direct brine 
releases.  Borehole permeability is not a direct input to the DBR calculations, but this parameter 
affects conditions in the repository as modeled in the 10,000-year BRAGFLO calculations, 
which are used as initial conditions of the DBR model.  Figure 5-55 shows a scatter plot of the 
log of borehole permeability against DBR volume for Scenario S2, lower intrusion with symbols 
indicating intrusion times.  As borehole permeability decreases, direct brine releases tend to 
increase, especially at late intrusion times (4,000 and 10,000 years).  Helton et al. (Helton et al., 
1998) identified this same relationship in analysis of the CCA PA.  Low values of borehole 
permeability tend to result in higher pressures following an E1 intrusion (Figure 5-55), which in 
turn lead to higher DBRs from subsequent intrusions. 
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Figure 5-54.  Sensitivity of DBR Volumes to Pressure and Mobile Brine Saturation, Replicate R1, 
Scenario S2, Lower Panel, from CRA-2004 PABC.   

Here symbols in the plot and the legend represent the bin of DBR volumes (m3) obtained.  
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6. NORMALIZED RELEASES 

This section presents total normalized releases for the CRA-2004 PABC, followed by discussion 
of each of the four categories of releases that constitute the total release: cuttings and cavings; 
spallings; DBRs; and transport releases.  Within each following section, CRA-2004 PABC 
results are compared with CRA-2004 results.  

6.1 TOTAL NORMALIZED RELEASES 

Figure 6-1, Figure 6-2, and Figure 6-3 show the CCDFs for total releases for Replicates R1, R2, 
and R3 of the CRA-2004 PABC.  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).  Each CCDF lies 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.   

To compare the distributions of CCDFs among replicates and to demonstrate sufficiency of the 
sample size, mean and quantile CCDFs are calculated.  At each value for normalized release R 
on the abscissa, the CCDFs for a single replicate define 100 values for probability.  The 
arithmetic mean of these 100 probabilities is the mean probability that release exceeds R; the 
curve defined by the mean probabilities for each value of R is the mean CCDF.  The quantile 
CCDFs are defined analogously. 

Figure 6-4 compares the mean, median, 90th, 50th, and 10th quantiles for each replicate’s 
distribution of CCDFs for total releases.  Figure 6-4 shows that each replicate’s distribution is 
quite similar, and shows qualitatively that the sample size of 100 in each replicate is sufficient to 
generate a stable distribution of outcomes. 

The overall mean CCDF in Figure 6-4 is computed as the arithmetic mean of the three 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 6-5 shows 95 percent confidence intervals 
about the overall mean. 

Figure 6-6, Figure 6-8, and Figure 6-10 show the mean CCDFs for each component of total 
releases, for Replicates R1, R2, and R3 of the CRA-2004 PABC, respectively.  For comparison, 
the mean CCDFs for each component of total releases for Replicates R1, R2, and R3 from the 
CRA-2004 are shown in Figure 6-7, Figure 6-9, and Figure 6-11, respectively. 

Two significant differences between the mean CCDFs are observed.  The first is that DBRs make 
a larger contribution to total releases in the CRA-2004 PABC than in the CRA-2004.  For 
probabilities exceeding 0.01, cuttings and cavings are still the release mechanism that has the 
greatest impact on total releases.  In fact, for probabilities larger than 0.02, the CRA-2004 PABC 
cuttings and cavings mean CCDF exceeds the other mean CCDFs by at least an order of 
magnitude.  However, at low probabilities (<0.002), mean CRA-2004 PABC DBR releases 
exceed all other mean releases.  In general, the mean DBR CCDF was at least an order of 
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magnitude less than the mean cuttings and cavings CCDF for all probabilities of the CRA-2004.  
Further discussion of normalized DBRs follows in Section 6.4. 

The second major difference between the two analyses concerns the mean spallings CCDFs.  The 
mean spallings releases for the CRA-2004 were larger than the mean spallings releases from the 
CRA-2004 PABC at all probabilities.  In fact, at a probability of 0.1, the mean spallings CCDFs 
from the CRA-2004 exceed those from the CRA-2004 PABC by approximately two orders of 
magnitude (10-2 EPA units versus 10-4 EPA Units).  Additionally, mean DBR releases are larger 
than mean spallings releases at all probabilities for the CRA-2004 PABC, whereas the opposite 
was true for almost all probabilities in the CRA-2004.  Further discussion of spallings releases 
follows in Section 6.3. 

Figure 6-12 provides an additional comparison between the CRA-2004 and CRA-2004 PABC.  
At probabilities exceeding 0.001, the overall mean CCDFs for total normalized releases from the 
two analyses are very similar.  Mean total releases differ by less than 10-2 at a probability of 0.1 
and by less than 10-1 at a probability of 0.001 (Table 6-1).  The same trend holds true for the 90th 
quantile CCDFs for total releases.  For lower probabilities, the CRA-2004 PABC mean CCDF 
slightly exceeds the CRA-2004 mean CCDF.  This is attributed to the increased DBRs at these 
probabilities.  Additionally, the CRA-2004 PABC confidence intervals on the overall means are 
narrower than the CRA-2004 confidence intervals at probabilities of 0.1 and 0.001.  Explanation 
of this narrowing follows in Section 6.3.  

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 subsurface transport in the Salado or Culebra 
make essentially no contribution to total releases.  Finally, the resulting CCDFs of both analyses 
are within regulatory limits. 

Table 6-1.  CCA PAVT(a), CRA-2004, and CRA-2004 PABC Statistics on the Overall Mean for Total 
Normalized Releases at Probabilities of 0.1 and 0.001, All Replicates Pooled. 

Probability Analysis 
Mean Total 

Release 
90th Quantile 
Total Release 

Lower 95% 
CL 

Upper 
95% CL 

CCA PAVT 1.237E-1 1.916E-1 1.231E-1 1.373E-1 

CRA-2004 9.565E-2 1.571E-1 8.070E-2 1.104E-1 
 

0.1 

CRA-2004 PABC 8.770E-2 1.480E-1 8.471E-2 9.072E-2 

CCA PAVT 3.819E-1 3.907E-1 2.809E-1 4.357E-1 

CRA-2004 5.070E-1 8.582E-1 2.778E-1 5.518E-1 
 

0.001 

CRA-2004 PABC 6.006E-1 8.092E-1 5.175E-1 6.807E-1 
(a) CCA PAVT and CRA-2004 data was initially reported in (Vugrin, 2004b; Vugrin, 2004c) 
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Figure 6-1. Total Normalized Releases: Replicate R1 of the CRA-2004 PABC 
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Figure 6-2.  Total Normalized Releases: Replicate R2 of the CRA-2004 PABC 
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Figure 6-3.  Total Normalized Releases: Replicate R3 of the CRA-2004 PABC 
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Figure 6-4.  Mean and Quantile CCDFs for Total Normalized Releases: All Replicates of the CRA-2004 

PABC 
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Figure 6-5.  Confidence Interval on Overall Mean CCDF for Total Normalized Releases: CRA-2004 PABC 
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Figure 6-6.  Mean CCDFs for Components of Total Normalized Releases: Replicate R1 of CRA-2004 
PABC 
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Figure 6-7. Mean CCDFs for Components of Total Normalized Releases: Replicate R1 of CRA-2004  
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Figure 6-8.  Mean CCDFs for Components of Total Normalized Releases: Replicate R2 of CRA-2004 

PABC 
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Figure 6-9. Mean CCDFs for Components of Total Normalized Releases: Replicate R2 of CRA-2004  



2004 Compliance Recertification Application        Revision 0 
Performance Assessment Baseline Calculation 

 117 of 153  Information Only 

 

0.0001

0.001

0.01

0.1

1

10

0.0001 0.001 0.01 0.1 1 10 100

R = Release (EPA Units)

Pr
ob

ab
ili

ty
 R

el
ea

se
 >

 R

Cuttings and Cavings          
Direct Brine                  
Spallings                     
Total                         
Total From Culebra            
Release Limits

 
Figure 6-10.  Mean CCDFs for Components of Total Normalized Releases: Replicate R3 of CRA-2004 

PABC 
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Figure 6-11. Mean CCDFs for Components of Total Normalized Releases: Replicate R3 of CRA-2004  
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Figure 6-12. Overall Mean CCDFs for Total Normalized Releases: CRA-2004 PABC and CRA-2004 
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6.2 CUTTINGS AND CAVINGS NORMALIZED RELEASES 

Figure 6-13 shows the mean CCDFs for cuttings and cavings releases for Replicates R1, R2, and 
R3 of the CRA-2004 PABC.  The releases in each replicate are very similar. 

Figure 6-14 shows the mean CCDFs for cuttings and cavings releases for all replicates of the 
CRA-2004.  For further comparison, the overall mean CCDFs for cuttings and cavings releases 
from both analyses are shown in Figure 6-15.  These resulting overall mean CCDFs are very 
similar, with the only significant differences occurring at probabilities less than approximately 
0.003.  These differences are due to modifications of the inventory implemented in the CRA-
2004 PABC since the overall mean CCDFs for cuttings and cavings volumes from the two 
analyses are nearly identical (Figure 6-16), and releases are calculated by multiplying the 
cuttings and cavings volume by the average activity of three randomly sampled waste streams. 
 
The increase in CRA-2004 cuttings and cavings releases at a probability of 0.003 in each 
replicate was due to a single waste stream, LA-TA-55-48, with very high radioactivity that was 
present in the CRA-2004 inventory.  This waste stream maintains significant radioactivity during 
the 10,000-year period.  The volume of the LA-TA-55-48 waste stream in the CRA-2004 
inventory (31 m3) implies a probability of 31/168,500 = 0.00018 that this waste stream is 
selected as one of the three waste streams contributing to the cuttings and cavings release for a 
single intrusion.  However, in any future of the repository, roughly six intrusions are expected 
(Dunagan, 2003), implying that 18 waste streams are selected for cuttings and cavings releases.  
The mean probability that the LA-TA-55-48 waste stream was selected at least once for cuttings 
and cavings releases in the CRA-2004 is estimated to be 

( )− − =. .181 1 0 00018 0 0033 . 

LA-TA-55-48 was updated for the CRA-2004 PABC (See Section 2.1).  The volume did not 
change significantly (23 m3 in the CRA-2004 PABC), but the radionuclide activities for this 
waste stream are significantly smaller in the CRA-2004 PABC than they were in CRA-2004.  
The result is that the CRA-2004 PABC cuttings and cavings releases at a probability of about 
0.003 are less than those from CRA-2004. 



2004 Compliance Recertification Application        Revision 0 
Performance Assessment Baseline Calculation 

 120 of 153  Information Only 

0.0001

0.001

0.01

0.1

1

10

0.0001 0.001 0.01 0.1 1 10 100

R = Release (EPA Units)

Pr
ob

ab
ili

ty
 R

el
ea

se
 >

 R

Replicate 1
Replicate 2
Replicate 3
Overall Mean
Release Limits

 

Figure 6-13. Mean CCDFs for Cuttings and Cavings Releases: All Replicates of the CRA-2004 PABC 
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Figure 6-14. Mean CCDFs for Cuttings and Cavings Releases: All Replicates of the CRA-2004 
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Figure 6-15. Overall Mean CCDFs for Cuttings and Cavings Releases: CRA-2004 PABC and CRA-2004 
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Figure 6-16. Overall Mean CCDFs for Cuttings and Cavings Volumes: CRA-2004 PABC and CRA-2004 
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6.3 SPALLINGS NORMALIZED RELEASES 

Figure 6-17 shows the mean spallings release CCDFs for all replicates of the CRA-2004 PABC.  
For comparison, the mean spallings release CCDFs from the CRA-2004 are shown in Figure 
6-18, and Figure 6-19 shows the overall mean spallings release CCDFs for both analyses. 

At all probabilities, CRA-2004 PABC overall mean spallings releases are significantly smaller 
than overall mean spallings releases from the CRA-2004.  At a probability of 0.1, CRA-2004 
PABC releases are approximately two orders of magnitude smaller (approximately 10-4 versus 
10-2), and at a probability of 0.001, CRA-2004 PABC releases are one order of magnitude 
smaller (approximately 10-2 versus 10-1). 

This decrease in overall mean spallings release values can be directly attributed to a decrease in 
overall mean spallings volumes (Figure 6-20).  Spallings releases are calculated by multiplying 
spallings volume by the average repository activity at the time of the release.  For any given 
probability shown in Figure 6-19 and Figure 6-20, the overall mean spallings release decreased 
by approximately the same order of magnitude as the overall mean spallings volume. 

As indicated in Figure 5-43, Figure 5-44, and, Figure 5-45 the distributions of spallings volumes 
from a single intrusion calculated by DRSPALL from the CRA-2004 PABC and CRA-2004 
were similar.  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 intrusion scenarios.  As shown in Section 5.5.1, the frequency of nonzero spallings 
intrusions calculated by CUTTINGS_S decreased significantly when compared with 
CUTTINGS_S calculations for the CRA-2004.  This reduction is directly attributed to the lower 
pressures resulting from reduced gas generation rates implemented in BRAGFLO for the CRA-
2004 PABC.  In fact, about two thirds of all CRA-2004 PABC vectors did not have CCDFs that 
predicted a release of 10-4 EPA units at any probability.  This compares with approximately one 
half of all CRA-2004 vectors. 

The decreased mean spallings releases for the CRA-2004 PABC had a direct impact on the 
confidence intervals for the overall mean CCDF for total releases.  Of cuttings and cavings, 
spallings, and DBRs, the mean CCDFs for spallings releases showed the greatest variability in 
the CRA-2004.  This variability directly contributed to the variability of the mean CCDFs for 
total releases which affects the size of the confidence intervals on the overall mean CCDF.  Since 
the CRA-2004 PABC mean spallings CCDFs decreased in magnitude, the spallings mean 
variability has less of an impact on the variability of total releases.  Little variability is observed 
between replicates of DBR mean CCDFs and cuttings and cavings mean CCDFs for the CRA-
2004 PABC, and the result was narrower confidence intervals on the overall mean for total 
releases. 
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Figure 6-17. Mean CCDFs for Spallings Releases: All Replicates of the CRA-2004 PABC 
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Figure 6-18. Mean CCDFs for Spallings Releases: All Replicates of the CRA-2004 
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Figure 6-19. Overall Mean CCDFs for Spallings Releases: CRA-2004 PABC and CRA-2004 
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Figure 6-20. Overall Mean CCDFs for Spallings Volumes: CRA-2004 PABC and CRA-2004 
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6.4 NORMALIZED DIRECT BRINE RELEASES 

Figure 6-21 shows the mean DBR CCDFs for all replicates of the CRA-2004 PABC.  For 
comparison, the mean DBR CCDFs are shown in Figure 6-22, and Figure 6-23 shows the overall 
mean DBR CCDFs from both analyses.  At all probabilities, CRA-2004 PABC mean DBRs 
increased from the CRA-2004 values.  In fact, DBRs are now the second largest contributor to 
total releases at most probabilities, and the dominant contributor at very low probabilities (Figure 
6-6, Figure 6-8, and Figure 6-10).   

Calculation of DBRs can be primarily affected by two sources: the volume of the DBR and the 
solubility of actinides in the brine.  The overall mean CCDFs for DBR volumes from the two 
analyses are shown in Figure 6-24.  The overall mean CCDF for CRA-2004 PABC volumes 
exceeds that of the CRA-2004 for probabilities greater than 0.02, and for smaller probabilities, 
the CRA-2004 overall mean CCDF for DBR volumes predicts slightly larger volumes.  
Implementation of the reduced gas generation rates may have had a small impact on mean DBR 
volumes or mean DBRs, but, the larger CRA-2004 PABC mean DBR releases must be attributed 
primarily to the changes implemented in the CRA-2004 PABC that affect actinide solubilities 
(see Sections 2.5 and 2.6) since the differences in overall mean DBR volumes are not as large as 
the differences in overall mean DBRs. 
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Figure 6-21. Mean CCDFs for DBRs: All Replicates of the CRA-2004 PABC 
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Figure 6-22. Mean CCDFs for DBRs: All Replicates of the CRA-2004 
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Figure 6-23. Overall Mean CCDFs for DBRs: CRA-2004 PABC and CRA-2004 
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Figure 6-24. Overall Mean CCDFs for DBR Volumes: CRA-2004 PABC and CRA-2004 
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6.5 NORMALIZED TRANSPORT RELEASES 

Figure 6-25 shows the mean CCDF for normalized releases due to transport through the Culebra 
for replicate R2 (no transport releases larger than 10-6 EPA units occurred in Replicates R1 and 
R3).   
 
Normalized transport releases for the CRA-2004 PABC are qualitatively similar to the CRA-
2004 results in that only one replicate exhibits releases that are significantly larger than the 
numerical error inherent in the transport calculations.  Overall, fewer vectors had releases in the 
CRA-2004 PABC than were observed in the CRA-2004.  This decrease is attributed to the 
increase in mean advective travel times that occurred when the exclusion zone around oil and gas 
boreholes was removed from the mining-modified Culebra T-fields.   
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Figure 6-25. Mean CCDF for Releases from the Culebra for Replicate R2 of the CRA-2004 PABC 
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7. SENSITIVITY ANALYSIS FOR NORMALIZED RELEASES 

Regression was used to evaluate the sensitivity of the output variables to the sampled parameters.  
The rank regression analyses were conducted using STEPWISE version 2.21.  STEPWISE 
receives sampled input parameter values and calculated release data that correspond to those 
input data.  STEPWISE relates the sampled input parameter values to the calculated release data 
by performing a multiple regression analysis and reporting the results tabularly.  Scatter plots of 
the dependent versus independent rank transformed variables resulting from the 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 
homogeneous variance among the residuals.  However, in terms of ranking the relative 
importance of the parameters these issues are probably not significant.  Additional analyses were 
performed on selected subsets of the data using Microsoft® Excel.  Details of the analysis can be 
found in Kirchner (2005b). 

Most of the regression models produced by STEPWISE do not include all of the variables, even 
after rank transforming the data.  This simply indicates that the uncertainties in many of the 
parameters have statistically insignificant effects on the output variable.  Statistical 
insignificance can arise because the output variable has a low functional response to the input 
variable, because the magnitude of uncertainty in the input variable is small relative to the other 
inputs, or from a combination of both conditions.  This is not to say that these non-significant 
variables have no influence on the releases.  Their exclusion from the tables reflects the inability 
of this statistical technique to rank their importance with an acceptable degree of confidence.  
For example, if the response of the output variable to an input variable was non-monotonic then 
the regression analysis might fail to properly identify that variable’s importance.  This possibility 
is unlikely for total releases and cuttings and cavings releases because the R2 value indicates that 
nearly all the variability in the output variables has been accounted for by the listed input 
variables. 

Several of the parameters that appear in the model often contribute very little to the R2 value and, 
therefore, explain very little of the variability in the output variable.  Parameters that have minor 
contributions can appear by chance, simply due to random correlations.  Many of the parameters 
that account for only a few percent to the variability in an output from one replicate may show 
different rankings, or can even be absent, in another replicate.  Thus, it is difficult to assess the 
importance of the parameters that improve the regression model very little and, in reality, they 
may have no importance at all. Therefore, only the parameters that appear to have significant 
impacts on the regression model will be explained in detail.   

In the following discussion the results of the CRA-2004 PABC sensitivity analysis are discussed 
and compared to the results obtained for the CRA-2004 sensitivity analysis prepared in response 
to EPA’s comment C-23-18 (Kirchner, 2004b).  Although STEPWISE was run on the results for 
all three replicates, only the results for replicate one are discussed herein.  The results from the 
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other two replicates were examined to verify that results of the analysis of replicate one were 
representative of the other two replicates.  The tables that appear in the following sections list the 
variable names of the parameters as assigned in the input file to STEPWISE.  These short names 
are required because of a limitation in the length of variable names in STEPWISE.  Table 7-1 
associates these names with the material and property names. 

Table 7-1.  Material and Property Values Associated with the Variable Names Used in the CRA-2004 
PABC Sensitivity Analysis.   

Variable 
Name 

Material 
Name 

Property 
Name 

Description 

ANHBCEXP S_MB139 PORE_DIS Brooks-Corey pore distribution parameter for anhydrite 
(dimensionless).  Defines λ for regions MB 138, Anhydrite AB, and 
MB 139 for use with Brooks-Corey model; defines λ in m= λ /(1+ λ) 
for use with van Genuchten-Parker model in the same regions.  Units: 
NONE  Distribution: Student  Minimum: 0.49053  Maximum: 
0.84178  Mean: 0.6436  Median: 0.6436  Standard Deviation: 0.1086 

ANHBCVGP S_MB139 RELP_MOD Indicator for relative permeability model (dimensionless) for regions 
MB 138, Anhydrite AB and MB 139.  Units: NONE  Distribution: 
Delta  Minimum: 1  Maximum: 4  Mean: 4  Median: 4 

ANHPRM S_MB139 PRMX_LOG Logarithm of intrinsic anhydrite permeability (m2).  Used in regions 
MB 138, Anhydrite AB, and MB 139.  Units: log(m2)  Distribution: 
Student  Minimum: -21  Maximum: -17.1  Mean: -18.89  Median: -
18.89  Standard Deviation: 1.196 

ANRBRSAT S_MB139 SAT_RBRN Residual brine saturation in anhydrite (dimensionless).  Defines Sbr in 
regions MB 138, Anhydrite AB, and MB 139.  Units: NONE  
Distribution: Student  Minimum: 0.0077846  Maximum: 0.17401  
Mean: 0.08362  Median: 0.08362  Standard Deviation: 0.05012 

BHPERM BH_SAND PRMX_LOG Logarithm of intrinsic permeability (m2) of the silty sand-filled 
borehole.  Used in regions Upper Borehole and Lower Borehole.  
Units: log(m2)  Distribution: Uniform  Minimum: -16.3  Maximum: -
11  Mean: -13.65  Median: -13.65  Standard Deviation: 1.53 

BPCOMP CASTILER COMP_RCK Bulk compressibility (Pa–1) of Castile brine reservoir.  Units: Pa-1  
Distribution: Triangular  Minimum: 0.00000000002  Maximum: 
0.0000000001  Mean: 0.000000000053  Median: 0.00000000004  
Standard Deviation: 0.000000000017 

BPINTPRS CASTILER PRESSURE Initial brine pore pressure in the Castile brine reservoir.  Defines 
Pb(x,y,-5) for region CASTILER.  Units: Pa  Distribution: Triangular  
Minimum: 11100000  Maximum: 17000000  Mean: 13600000  
Median: 12700000  Standard Deviation: 1245700 

BPPRM CASTILER PRMX_LOG Logarithm of intrinsic permeability (m2) of the Castile brine reservoir.  
Used in region CASTILER.  Units: log(m2)  Distribution: Triangular  
Minimum: -14.7  Maximum: -9.8  Mean: -12.1  Median: -11.8  
Standard Deviation: 1.01 

CCLIMSF GLOBAL CLIMTIDX Climate scale factor (dimensionless) for Culebra flow field.  Defines 
SFC.  Units: NONE  Distribution: Cumulative  Minimum: 1  
Maximum: 2.25  Mean: 1.31  Median: 1.17  Standard Deviation: 
0.348 

CCLIMSF GLOBAL CLIMTIDX Climate index  Units: NONE  Distribution: Cumulative  Minimum: 1  
Maximum: 2.25  Mean: 1.31  Median: 1.17  Standard Deviation: 
0.348 

CFRACPOR CULEBRA APOROS Culebra fracture (i.e., advective) porosity (dimensionless).  Units: 
NONE  Distribution: Loguniform  Minimum: 0.0001  Maximum: 0.01 
Mean: 0.0021  Median: 0.001  Standard Deviation: 0.0025 
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Variable 
Name 

Material 
Name 

Property 
Name 

Description 

CFRACSP CULEBRA HMBLKLT Culebra fracture spacing (m).  Equal to half the distance between 
fractures (i.e., the Culebra half matrix block length).  Units: m  
Distribution: Uniform  Minimum: 0.05  Maximum: 0.5  Mean: 0.275  
Median: 0.275  Standard Deviation: 0.13 

CMKDAM3 AM+3 MKD_AM Matrix distribution coefficient (m3/kg) for Am in +3 oxidation state.  
Units: m3/kg  Distribution: Loguniform  Minimum: 0.02  Maximum: 
0.4  Mean: 0.13  Median: 0.09  Standard Deviation: 0.1 

CMKDPU3 PU+3 MKD_PU Matrix distribution coefficient (m3/kg) for Pu in +3 oxidation state.  
Units: m3/kg  Distribution: Loguniform  Minimum: 0.02  Maximum: 
0.4  Mean: 0.13  Median: 0.09  Standard Deviation: 0.1 

CMKDPU4 PU+4 MKD_PU Matrix distribution coefficient (m3/kg) for Pu in +4 oxidation state.  
Units: m3/kg  Distribution: Loguniform  Minimum: 0.7  Maximum: 10 
Mean: 3.5  Median: 2.6  Standard Deviation: 2.5 

CMKDTH4 TH+4 MKD_TH Matrix distribution coefficient (m3/kg) for Th in +4 oxidation state.  
Units: m3/kg  Distribution: Loguniform  Minimum: 0.7  Maximum: 10 
Mean: 3.5  Median: 2.6  Standard Deviation: 2.5 

CMKDU4 U+4 MKD_U Matrix distribution coefficient (m3/kg) for U in +4 oxidation state.  
Units: m3/kg  Distribution: Loguniform  Minimum: 0.7  Maximum: 10 
Mean: 3.5  Median: 2.6  Standard Deviation: 2.5 

CMKDU6 U+6 MKD_U Matrix distribution coefficient (m3/kg) for U in +6 oxidation state.  
Units: m3/kg  Distribution: Loguniform  Minimum: 0.00003  
Maximum: 0.02  Mean: 0.0031  Median: 0.00077  Standard 
Deviation: 0.0046 

CMTRXPOR CULEBRA DPOROS Culebra matrix (i.e., diffusive) porosity (dimensionless).  Units: 
NONE  Distribution: Cumulative  Minimum: 0.1  Maximum: 0.25  
Mean: 0.16  Median: 0.16  Standard Deviation: 0.035 

CONBCEXP CONC_PCS PORE_DIS Brooks-Corey pore distribution parameter (dimensionless) for panel 
closure concrete.  Defines λ for region CONC_PCS for use with 
Brooks-Corey model; defines λ in m= λ /(1+ λ) for use with van 
Genuchten-Parker model in region CONC_PCS.  Units: NONE  
Distribution: Cumulative  Minimum: 0.11  Maximum: 8.1  Mean: 
2.52  Median: 0.94  Standard Deviation: 2.48 

CONBRSAT CONC_PCS SAT_RBRN Residual brine saturation (dimensionless) in panel closure concrete.  
Defines Sbr for use in region CONC_PCS.  Units: NONE  
Distribution: Cumulative  Minimum: 0  Maximum: 0.6  Mean: 0.25  
Median: 0.2  Standard Deviation: 0.176 

CONGSSAT CONC_PCS SAT_RGAS Residual gas saturation (dimensionless) in panel closure concrete.  
Defines Sgr area CONC_PCS.  Units: NONE  Distribution: Uniform  
Minimum: 0  Maximum: 0.4  Mean: 0.2  Median: 0.2  Standard 
Deviation: 0.1155 

CONPRM CONC_PCS PRMX_LOG Logarithm of intrinsic permeability (m2) for the concrete portion of 
the panel closure. Used in region CONC_PCS.  Units: log(m2)  
Distribution: Triangular  Minimum: -20.699  Maximum: -17  Mean: -
18.816  Median: -18.7496  Standard Deviation: 0.755 

CTRAN GLOBAL TRANSIDX Indicator variable for selecting transmissivity field.  Units: NONE  
Distribution: Uniform  Minimum: 0  Maximum: 1  Mean: 0.5  
Median: 0.5  Standard Deviation: 0.289 

CTRAN GLOBAL TRANSIDX Index for selecting realizations of the transmissivity field  Units: 
NONE  Distribution: Uniform  Minimum: 0  Maximum: 1  Mean: 0.5  
Median: 0.5  Standard Deviation: 0.289 
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Variable 
Name 

Material 
Name 

Property 
Name 

Description 

CTRANSFM CULEBRA MINP_FAC Multiplier (dimensionless) applied to transmissivity of the Culebra 
within the land withdrawal boundary after mining of potash reserves.  
Defines MF.  Units: NONE  Distribution: Uniform  Minimum: 1  
Maximum: 1000  Mean: 500.5  Median: 500.5  Standard Deviation: 
288.4 

CTRANSFM CULEBRA MINP_FAC Mining transmissivity multiplier  Units: NONE  Distribution: Uniform 
Minimum: 1  Maximum: 1000  Mean: 500.5  Median: 500.5  Standard 
Deviation: 288.4 

DOMEGA BOREHOLE DOMEGA Drill string angular velocity (rad/s).  Units: rad/s  Distribution: 
Cumulative  Minimum: 4.2  Maximum: 23  Mean: 8.63  Median: 7.8  
Standard Deviation: 3.16 

DRZPCPRM DRZ_PCS PRMX_LOG Logarithm of intrinsic permeability (m2) of the DRZ immediately 
above the panel closure concrete.  Used in region DRZ_PCS.  Units: 
log(m2)  Distribution: Triangular  Minimum: -20.699  Maximum: -17  
Mean: -18.816  Median: -18.7496  Standard Deviation: 0.755 

DRZPRM DRZ_1 PRMX_LOG Logarithm of intrinsic permeability (m2) of the DRZ.  Used in regions 
Upper DRZ and Lower DRZ.  Units: log(m2)  Distribution: Uniform  
Minimum: -19.4  Maximum: -12.5  Mean: -16  Median: -16  Standard 
Deviation: 2 

HALCROCK S_HALITE COMP_RCK Bulk compressibility of halite (Pa–1).  Units: Pa-1  Distribution: 
Uniform  Minimum: 0.00000000000294  Maximum: 0.000000000192  
Mean: 0.0000000000975  Median: 0.0000000000975  Standard 
Deviation: 0.0000000000546 

HALPOR S_HALITE POROSITY Halite porosity (dimensionless).  Units: NONE  Distribution: 
Cumulative  Minimum: 0.001  Maximum: 0.03  Mean: 0.0128  
Median: 0.01  Standard Deviation: 0.00852 

HALPRM S_HALITE PRMX_LOG Logarithm of intrinsic halite permeability (m2).  Used in region 
Salado.  Units: log(m2)  Distribution: Uniform  Minimum: -24  
Maximum: -21  Mean: -22.5  Median: -22.5  Standard Deviation: 
0.866025 

PBRINE GLOBAL PBRINE Probability that a drilling intrusion penetrates pressurized brine in the 
Castile Formation.  Units: NONE  Distribution: Uniform  Minimum: 
0.01  Maximum: 0.6  Mean: 0.305  Median: 0.305  Standard 
Deviation: 0.17 

PLGPRM CONC_PLG PRMX_LOG Logarithm of intrinsic permeability (m2) of the concrete borehole 
plugs.  Used in region Borehole Plugs.  Units: log(m2)  Distribution: 
Uniform  Minimum: -19  Maximum: -17  Mean: -18  Median: -18  
Standard Deviation: 0.58 

REPIPERM  SPALLMOD REPIPERM Waste permeability of gas local to intrusion borehole.  Units: m2  
Distribution: Loguniform  Minimum: 0.000000000000024  
Maximum: 0.0000000000024  Mean: 0.000000000000516  Median: 
0.00000000000024  Standard Deviation: 0.0000000000006 

SALPRES S_HALITE PRESSURE Initial brine pore pressure (Pa) in the Salado halite, applied at an 
elevation consistent with the intersection of MB 139.  Units: Pa  
Distribution: Uniform  Minimum: 11040000  Maximum: 13890000  
Mean: 12470000  Median: 12470000  Standard Deviation: 823000 

SHLPRM2 SHFTL_T1 PRMX_LOG Logarithm of intrinsic permeability (m2) of lower shaft seal materials 
for the first 200 years after closure.  Used in region Lower Shaft.  
Units: log(m2)  Distribution: Cumulative  Minimum: -20  Maximum: -
16.5  Mean: -18  Median: -18.2  Standard Deviation: 0.597 
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Variable 
Name 

Material 
Name 

Property 
Name 

Description 

SHLPRM3 SHFTL_T2 PRMX_LOG Logarithm of intrinsic permeability (m2) of lower shaft seal materials 
from 200 years to 10,000 years after closure.  Used in region Lower 
Shaft.  Units: log(m2)  Distribution: Cumulative  Minimum: -22.5  
Maximum: -18  Mean: -19.8  Median: -20.1  Standard Deviation: 
0.937 

SHUPRM SHFTU PRMX_LOG Logarithm of intrinsic permeability (m2) of upper shaft seal materials.  
Used in region Upper Shaft.  Units: log(m2)  Distribution: Cumulative  
Minimum: -20.5  Maximum: -16.5  Mean: -18.2  Median: -18.3  
Standard Deviation: 0.794 

SHURBRN SHFTU SAT_RBRN Residual brine saturation in upper shaft seal materials 
(dimensionless).  Units: NONE  Distribution: Cumulative  Minimum: 
0  Maximum: 0.6  Mean: 0.25  Median: 0.2  Standard Deviation: 
0.176 

SHURGAS SHFTU SAT_RGAS Residual gas saturation in upper shaft seal materials (dimensionless).  
Units: NONE  Distribution: Uniform  Minimum: 0  Maximum: 0.4  
Mean: 0.2  Median: 0.2  Standard Deviation: 0.116 

SPLPTDIA SPALLMOD PARTDIAM Particle diameter of disaggregated waste.  Units: m  Distribution: 
Loguniform  Minimum: 0.001  Maximum: 0.1  Mean: 0.0215  
Median: 0.01  Standard Deviation: 0.025 

SPLRPOR SPALLMOD REPIPOR Waste porosity at time of drilling intrusion  Units: NONE  
Distribution: Uniform  Minimum: 0.35  Maximum: 0.66  Mean: 0.505  
Median: 0.505  Standard Deviation: 0.0895 

TENSLSTR SPALLMOD TENSLSTR Tensile strength of waste.  Units: Pa  Distribution: Uniform  
Minimum: 120000  Maximum: 170000  Mean: 145000  Median: 
145000  Standard Deviation: 14400 

WASTWICK WAS_AREA SAT_WICK Increase in brine saturation of waste due to capillary forces 
(dimensionless).  Defines Swick for areas Waste Panel, South RoR, and 
North RoR.  Units: NONE  Distribution: Uniform  Minimum: 0  
Maximum: 1  Mean: 0.5  Median: 0.5  Standard Deviation: 0.289 

WBIOGENF WAS_AREA BIOGENFC Probability of obtaining sampled microbial gas generation rates.  
Units: NONE  Distribution: Uniform  Minimum: 0  Maximum: 1  
Mean: 0.5  Median: 0.5  Standard Deviation: 0.288675 

WFBETCEL CELLULS FBETA Scale factor used in definition of stoichiometric coefficient for 
microbial gas generation (dimensionless).   Units: NONE  
Distribution: Uniform  Minimum: 0  Maximum: 1  Mean: 0.5  
Median: 0.5  Standard Deviation: 0.28868 

WGRCOR STEEL CORRMCO2 Rate of anoxic steel corrosion (m/s) under brine inundated conditions 
and with no CO2 present.  Defines Rci for areas Waste Panel, South 
RoR, and North RoR.  Units: m/s  Distribution: Uniform  Minimum: 0  
Maximum: 3.17E-14  Mean: 1.585E-14  Median: 1.585E-14  Standard 
Deviation: 9.151E-15 

WGRMICH WAS_AREA GRATMICH Rate of CPR biodegradation (mol C6H10O5 / kg C6H10O5 / s) under 
anaerobic, humid conditions.  Defines Rmh  for areas Waste Panel, 
South RoR, and North RoR.  Units: moles/(kg-s)  Distribution: 
Uniform  Minimum: 0  Maximum: 0.00000000102717  Mean: 
0.000000000513585  Median: 0.000000000513585  Standard 
Deviation: 0.000000000296518 

WGRMICH WAS_AREA GRATMICH Rate of CPR biodegradation (mol C6H10O5 / kg C6H10O5 / s) under 
anaerobic, humid conditions.  Defines Rmh  for areas Waste Panel, 
South RoR, and North RoR.  Units: moles/(kg-s)  Distribution: 
Uniform  Minimum: 0  Maximum: 0.0000000012684  Mean: 
0.0000000006342  Median: 0.0000000006342  Standard Deviation: 
0.00000000036616 
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Variable 
Name 

Material 
Name 

Property 
Name 

Description 

WGRMICI WAS_AREA GRATMICI Rate of CPR biodegradation (mol C6H10O5 / kg C6H10O5 / s) under 
anaerobic, brine-inundated conditions.  Units: moles/(kg-s)  
Distribution: Uniform  Minimum: 3.08269E-11  Maximum: 
0.000000000556921  Mean: 0.000000000293874  Median: 
0.000000000293874  Standard Deviation: 0.00000000015187 

WMICDFLG WAS_AREA PROBDEG Index for model of microbial degradation of CPR materials 
(dimensionless).  Used in areas Waste Panel, South RoR, and North 
RoR.  Units: NONE  Distribution: Delta  Minimum: 1  Maximum: 2  
Mean: 1.25  Median: 1.25 

WOXSTAT GLOBAL OXSTAT Indicator variable for elemental oxidation states (dimensionless).  
WOXSTAT = 0 indicates use of CMKDPU3, CMKDU4, 
WSOLPU3C, WSOLPUS, WSOLU4C, and WSOLU4S.  WOXSTAT 
= 1 implies use of CMKDPU4, CMKDU6, WSOLPU4C, 
WSOLPU4S, WSOLU6C, and WSOLU6S.    Units: NONE  
Distribution: Uniform  Minimum: 0  Maximum: 1  Mean: 0.5  
Median: 0.5  Standard Deviation: 0.289 

WPHUMOX3 PHUMOX3 PHUMCIM Ratio (dimensionless) of concentration of actinides attached to humic 
colloids to dissolved concentration of actinides for oxidation state +III 
in Castile brine.  Defines SFHum(Castile, +3, Am) and 
SFHum(Castile, +3, Pu).  Units: NONE  Distribution: Cumulative  
Minimum: 0.065  Maximum: 1.6  Mean: 1.1  Median: 1.37  Standard 
Deviation: 0.469 

WRBRNSAT WAS_AREA SAT_RBRN Residual brine saturation in waste (dimensionless).  Units: NONE  
Distribution: Uniform  Minimum: 0  Maximum: 0.552  Mean: 0.276  
Median: 0.276  Standard Deviation: 0.1593 

WRGSSAT WAS_AREA SAT_RGAS Residual gas saturation in waste (dimensionless).  Units: NONE  
Distribution: Uniform  Minimum: 0  Maximum: 0.15  Mean: 0.075  
Median: 0.075  Standard Deviation: 0.0433 

WSOLTH4C SOLTH4 SOLCIM Uncertainty factor (dimensionless) for solubility of Th in the +IV 
oxidation state in Castile brine.  Units: moles/liter  Distribution: 
Cumulative  Minimum: -2  Maximum: 1.4  Mean: 0.18  Median: -0.09 
Standard Deviation: 0.368 

WSOLU4C SOLU4 SOLCIM Uncertainty factor (dimensionless) for solubility of U in the +IV 
oxidation state in Castile brine.  Units: moles/liter  Distribution: 
Cumulative  Minimum: -2  Maximum: 1.4  Mean: 0.18  Median: -0.09 
Standard Deviation: 0.368 

WSOLVAR3 SOLMOD3 SOLVAR Solubility multiplier for +III oxidation states  Units: NONE  
Distribution: Cumulative  Minimum: -3  Maximum: 2.85  Mean: 
0.034877  Median: -0.030682  Standard Deviation: 0.9002 

WSOLVAR4 SOLMOD4 SOLVAR Solubility multiplier for +IV oxidation states  Units: NONE  
Distribution: Cumulative  Minimum: -1.8  Maximum: 2.4  Mean: 
0.108333  Median: 0.075  Standard Deviation: 0.837116 

WTAUFAIL BOREHOLE TAUFAIL Shear strength of waste (Pa).  Units: Pa  Distribution: Loguniform  
Minimum: 0.05  Maximum: 77  Mean: 10.5  Median: 1.96  Standard 
Deviation: 17.1 

 

In addition, three variables are created in STEPWISE through transformation of the variable 
WOXSTAT (material GLOBAL, property OXSTAT), the indicator variable for oxidation states 
of uranium and plutonium.  WOXSTAT is sampled as a (0,1) uniform distribution but is treated 
in the code as a Bernoulli distribution (a distribution having only two discrete states).  The 
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variable OXSTAT is assigned 0 if WOXSTAT is less than 0.5 and is assigned 1 otherwise.  If 
OXSTAT is 0 then CMKDU is assigned CMKDU6 and CMKDPU is assigned CMKDPU4.  
These are the Kds for the +VI and +IV oxidation states of uranium and plutonium, respectively.  
If OXSTAT is 1 then CMKDU is assigned CMKDU4 and CMKDPU is assigned CMKDPU3, 
i.e. the Kds for the +IV and +III oxidation states of uranium and plutonium, respectively. 

7.1 THE METHODS USED BY STEPWISE 

The sampling design used to propagate uncertainty in the CRA-2004 PABC starts with the 
generation of three replicates of 100 samples of the uncertain (epistemic) parameters using a 
Latin Hypercube sampling design.  Each sample of the parameters, or “LHS element”, represents 
a vector in parameter space.  For each of these elements, 10,000 simulations are run in which the 
stochastic (aleatory) variables, such as drilling location, are sampled.  Thus a distribution of 
releases is produced for every LHS element.  In the STEPWISE analysis, it is the expected 
values (means) of these distributions that are correlated with parameter values. 

STEPWISE uses a forward stepwise approach.  In this approach, a sequence of regression 
models is constructed starting with the input parameter that has the strongest simple correlation 
with the output variable.  Partial correlations between the residuals of the output and the 
remaining variables are then computed.  The partial correlations remove the linear effects of 
variables already included in the model.  The variable having the largest significant partial 
correlation coefficient is added next, and the partial correlations for the remaining input variables 
are recomputed.  Significance is determined using an F-test, and the significance level for adding 
an input variable to the model is 1-αin, where αin  is a parameter set by the analyst.  The F-test 
compares the variability contributed by the variable to the variability not accounted for by the 
regression, i.e. the variability of the residuals.  By default STEPWISE sets αin = 0.05, so that one 
is 95% confident that there is a partial correlation between the input and output variables.  This 
process is repeated until there are no variables remaining having significant correlations with the 
output variable.  Variables excluded from the regression model contribute no significant 
information in relation to the unexplained variability and hence the results are judged to be 
relatively insensitive to those parameters. 

Input variables that are added to the regression model are not necessarily retained.  For an input 
variable to be retained, its regression coefficient, i.e. the linear contribution of an input to the 
prediction of the output variable, must be statistically distinguishable from zero.  A t-test is used 
to determine whether a regression coefficient is significantly different than zero.  The t-test 
evaluates the null hypothesis that the regression coefficient is zero.  The hypothesis is not 
rejected when random effects can give rise to the observed regression coefficient with 
probability αout.  The random effects are caused by the stochastic variability contributed by the 
input variables not in the regression model.  In other words, the hypothesis is rejected, and the 
variable is included in the model when the 1-αout confidence interval of the regression coefficient 
does not encompass zero.  By default the STEPWISE αout -value for allowing a variable to enter 
the regression model is 0.05.  Thus, in the default case, one is 95% confident that the input 
variables make a linear contribution to the response of the output variable. The user may specify 
different α-values in the input control file.  However, the value allowing a variable to enter the 
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model, αin, must be less than or equal to the value by which a variable is allowed to leave the 
model, αout, to avoid looping.  In the following analyses, αin was 0.05, and αout was 0.05. 

7.2 TOTAL RELEASES 

As shown in the CRA-2004, cuttings, cavings and spallings releases account for an 
overwhelming majority of the total releases (DOE 2004).  In both analyses, uncertainty in total 
normalized releases is largely due to uncertainty in waste shear strength (WTAUFAIL). The 
volumes of cuttings and cavings are primarily controlled by shear strength, and the negative 
correlation found in the analysis is expected.  In the CRA-2004, the first five parameters added to 
the regression model for mean total releases are associated with the production of cuttings, 
cavings and spallings (Table 7-2).  However, in the CRA-2004 PABC direct brine releases 
supplant spallings as the second-most important contributor to total releases, and even surpass 
cuttings and cavings at low probabilities (Figure 7-1).  In the CRA-2004 the second most 
important variable was the index for microbial degradation (WMICDFLG), although it explained 
less than an additional 2% of the variability.  In the CRA-2004 PABC the second most important 
variable is WSOLVAR3, a “solubility multiplier” added to the CRA-2004 PABC analysis to 
represent uncertainty in solubilities for all actinides in the +III oxidation state (Xiong et al., 
2005). The drill string angular velocity (DOMEGA), also used in computing cuttings and 
cavings, appears third in the list of both analyses.  Each of the remaining parameters explain less 
than 1% of the variability in the total releases. 

Table 7-2.  Stepwise Rank Regression Analysis For Expected Normalized Total Releases 

 

Expected Normalized Release  
CRA-2004 PABC CRA-2004 

Step(a) Variable(b) SRRC(c) R2 (d) Variable SRRC R2 

1 WTAUFAIL -0.94 0.88 WTAUFAIL -0.95 0.91 
2 WSOLVAR3      0.14 0.91 WMICDFLG 0.12 0.93 
3 DOMEGA 0.10 0.92 DOMEGA 0.11 0.94 
4 WFBETCEL -0.09 0.93 SPALLVOL 0.08 0.94 
5 BPINTPRS 0.08 0.93 BPINTPRS 0.06 0.94 
6 PBRINE 0.07 0.94 PLGPRM 0.06 0.95 
7 SHURGAS -0.06 0.94 SHLPRM3 -0.05 0.95 
8 SHLPRM2 0.06 0.95 ---- ---- ---- 

(a)  Steps in stepwise regression analysis;  (b)  Variables listed in order of selection in regression analysis;  (c)   Standardized Rank 
Regression Coefficient in final regression model;  (d)  Cumulative R2 value with entry of each variable into regression model   
 
 

7.3 CUTTINGS AND CAVING RELEASES 

Table 7-3 lists the parameters that showed significant correlations to cuttings and cavings 
releases based on a stepwise regression using rank transformed data.  The uncertainty in mean 
cuttings and cavings releases is primarily due to the uncertainty in the cuttings and cavings 
volume, as described in CRA-2004 Appendix PA [(U. S. DOE, 2004) Figure PA-105].  Thus, 
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waste shear strength (WTAUFAIL) controls much of the variability in mean cuttings and cavings 
releases.  The drill string angular velocity (DOMEGA) has a very minor contribution as well, as 
is discussed in Dunagan (2004).  The remaining parameters in Table 7-3 explain less than 0.2% 
of the variability in cuttings and cavings.  Thus the differences in Table 7-4 between the lists of 
variables associated with for the CRA-2004 and CRA-2004 PABC analyses are of no real 
significance.  

 

Table 7-3. Stepwise Rank Regression Analysis for Expected Normalized Cuttings and Cavings Releases 

 

Expected Normalized Release 

 CRA-2004 PABC CRA-2004 

Step(a) Variable(b) SRRC(c) R2 (d) Variable SRRC R2 

1 WTAUFAIL -0.99 0.98 WTAUFAIL -0.98 0.98 

2 DOMEGA 0.11 0.99 DOMEGA 0.11 0.99 

3 OXSTAT -0.02 0.99 BPINTPRS 0.02 0.99 

4 SHLPRM2 0.02 0.99 ANHBCEXP 0.02 0.99 

5 CFRACSP 0.02 0.99 CTRANSFM -0.02 0.99 

6 DRZPCPRM 0.02 0.99 WASTWICK -0.02 0.99 

(a)  Steps in stepwise regression analysis;  (b)  Variables listed in order of selection in regression analysis;  (c)   Standardized Rank 
Regression Coefficient in final regression model;  (d)  Cumulative R2 value with entry of each variable into regression model   
 
7.4 DIRECT BRINE RELEASES 

A stepwise regression analysis based on results from the CRA-2004 (Table 7-4) determined that 
the uncertainty in mean DBR is dominated by the parameters that influence the DBR volumes 
(WMICDFLG, the indicator for microbial action; BPINTPRS, the pressure in the Castile brine 
reservoir; PBRINE, the probability of an intrusion hitting the Castile brine reservoir; and 
WRBRNSAT, the residual brine saturation in the waste).  The uncertainty in radionuclide 
concentration appears to have a relatively small influence on mean direct brine release, as only a 
single related parameter entered the analysis (WSOLAM3C, the uncertainty in the solubility of 
Am(III) in Castile brine).  In contrast, the analysis of the CRA-2004 PABC results shows that 
DBR is most sensitive to SOLVAR3, a “solubility multiplier” added to the CRA-2004 PABC 
analysis to represent uncertainty in solubilities for all actinides in the +III oxidation state (Xiong 
et al., 2005) and shows no sensitivity to WMICDFLG.  The lack of sensitivity to WMICDFLG is 
undoubtedly due to changing the probability of microbial degradation from 0.5 to 1.0, as 
required by EPA (Leigh and Kanney, 2005).  WGRCOR is the inundated corrosion rate for steel 
in the absence of CO2.  The corrosion of iron is expected to produce hydrogen but at the same 
time it consumes water.  The net effect is a negative correlation with DBR.  BHPERM is the 
intrinsic permeability of a silt sand-filled borehole and its negative correlation with DBR is 
probably due to the reduction of pressure in the repository as permeability increases.  
WASTWICK is the increase in brine saturation due to capillary forces and thus the negative 
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correlation reflects an increase in iron consumption leading to a reduction of brine at higher 
values of WASTWICK. DRZPCPRM is the intrinsic permeability of the DRZ immediately 
above the concrete of the panel closure.  The positive correlation of DBR with DRZPCPRM is 
likely due to an increase in water flow from the DRZ to the repository as permeability increases. 

Table 7-4.  Stepwise Rank Regression Analysis for Expected Normalized Direct Brine Releases 

 

Expected Normalized Release  

CRA-2004 PABC CRA-2004 

Step(a) Variable(b) SRRC(c) R2 (d) Variable SRRC R2 

1 WSOLVAR3 0.47 0.24 WMICDFLG -0.47 0.16 

2 BPINTPRS 0.40 0.40 BPINTPRS  0.488 0.34 

3 PBRINE 0.32 0.51 PBRINE  0.36 0.47 

4 WGRCOR -0.29 0.60 WSOLAM3C  0.29 0.52 

5 BHPERM -0.18 0.63 WRBRNSAT -0.15 0.55 

6 WASTWICK -0.17 0.67 CONGSSAT -0.22 0.58 

7 DRZPCPRM 0.15 0.69 REPIPERM -0.21 0.61 

8 ANHBCVGP -0.17 0.71 WGRCOR -0.16 0.63 

9 ANHPRM 0.12 0.73 TENSLSTR -0.15 0.65 

10 HALCROCK -0.11 0.74 --- --- --- 

11 CONGSSAT -0.11 0.75 --- --- --- 

12 WPHUMOX3 0.11 0.76 --- --- --- 

(a)  Steps in stepwise regression analysis;  (b)  Variables listed in order of selection in regression analysis;  (c)   Standardized Rank 
Regression Coefficient in final regression model;  (d)  Cumulative R2 value with entry of each variable into regression model   
 

7.5 CULEBRA RELEASES 

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.  In the CRA-2004, sixty-six percent of the distributions of 
Culebra releases consisted only of values of zero while in the CRA-2004 PABC eighty-four 
percent of the distributions of Culebra releases had only values of zero.  The releases of 0 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 LWB boundary 
within the simulation period, 10,000 years.  Removal of the potash mining exclusion zone 
around existing oil and gas wells in the CRA-2004 PABC analysis appears to have changed the 
transmissivity fields in such a way that travel times were increased, thus reducing the number of 
non-zero mean releases.  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 0 values tends to negate the assumption of linear regression that errors 
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(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 7-1).  Because of these issues, the linear rank 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 (Table 7-5). 
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Figure 7-1.  The Preponderance and Distribution of 0 Releases Can Control the Regression. 
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The dominant parameter in the CRA-2004 analysis, BHPERM, is the logarithm of intrinsic 
permeability in the X-direction for a sand-filled borehole (Table 7-5).  Conceptually, the flow of 
brine up the borehole (and thus to the Culebra) should be positively influenced by increasing 
values for BHPERM (Stein and Zelinski, 2003).  CMKDPU is the matrix partition coefficient, 
Kd, for plutonium (Pu+4).  The positive correlation seen here is counterintuitive because larger 
values of Kd generally result in greater sorption and thus lower releases.  This positive 
correlation may be spurious and reflect the impact of the many zeros on the analysis.  
WSOLU4S is the solubility uncertainty factor for uranium in the +IV oxidation state in Salado 
brines, and CFRACPOR is the Culebra advective porosity, i.e. the fracture volume per unit 
volume of porous media. Positive correlations are expected for these variables, thus the negative 
correlation between Culebra releases and CFRACPOR is also counterintuitive.  CONBRSAT is 
the residual gas saturation in the concrete panel closure system.  When CONBRSAT is low, gas 
can flow through the concrete panel closure system under very wet conditions.  The negative 
correlation seen here could be caused by higher values for CONBRSAT leading to lower brine 
saturations and thus lower brine volumes going up the borehole to the Culebra.  

In the CRA-2004 PABC the Culebra releases appear to be most sensitive to the Kds for uranium, 
thorium and plutonium, to CFRACPOR, and to CCLIMSF, the climate scale factor for the 
Culebra flow field.  The climate scale factor accounts for uncertainty in the climate that could 
result in increased precipitation.  Culebra releases once again showed a negative correlation with 
CFRACPOR. It appears that this negative correlation is due to a slight preponderance of releases 
of 0 at high values of CFRACPOR.  A ranked-regression analysis conducted with Microsoft® 
Excel using only the non-zero release data showed a non-significant positive slope (R2 = 0.075).  
The positive correlation between Culebra releases and CMKDU4, the matrix Kd for uranium in 
the +IV oxidation state, was also unexpected.  A ranked-regression using only non-zero releases 
also showed a non-significant, positive correlation. 
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Table 7-5.  Stepwise Regression Analysis for Expected Normalized Culebra Releases 

 

Expected Normalized Release  

CRA-2004 PABC CRA-2004 

Step(a) Variable(b) SRRC(c) R2 (d) Variable SRRC R2 

1 CMKDU -0.67 0.12 BHPERM  0.32 0.11 

2 CFRACPOR -0.24 0.16 CMKDPU  0.24 0.15 

3 CCLIMSF 0.19 0.21 WSOLU4S  0.20 0.19 

4 CMKDTH4 -0.26 0.25 CFRACPOR -0.19 0.22 

5 CMKDPU -0.36 0.28 CONBRSAT -0.18 0.26 

6 CMKDU4 0.22 0.33 --- --- --- 

7 WGRCOR -0.19 0.36 --- --- --- 

8 SHURGAS -0.18 0.40 --- --- --- 

9 WTAUFAIL 0.19 0.43 --- --- --- 

10 BHPERM 0.17 0.45 --- --- --- 

11 WGRMICI 0.17 0.48 --- --- --- 

(a)  Steps in stepwise regression analysis;  (b)  Variables listed in order of selection in regression analysis;  (c)   Standardized Rank 
Regression Coefficient in final regression model;  (d)  Cumulative R2 value with entry of each variable into regression model   
 
7.6 SPALLINGS RELEASE 

Table 7-6 lists the parameters that showed correlation to mean spallings releases after a stepwise 
rank regression.  Fifty-seven percent of the mean releases in the CRA-2004 and sixty-six percent 
of the mean releases in the CRA-2004 PABC showed no spallings release, thus reducing the 
effectiveness of the regression analysis in the same manner as that described for Culebra 
releases.  One major difference between the two analyses is that the variable SPALLVOL is not 
present in the CRA-2004 PABC analyses.  SPALLVOL was not a parameter but instead was a 
computed value representing the spall volume.  It was added to the CRA-2004 analysis in order 
to help verify that resampling of fifty realizations of spallings releases did not greatly influence 
the results. Spall releases are computed by multiplying the volume released by the repository 
wide average concentration of radioactivity in the CH-TRU waste at the time of intrusion.  Thus 
the positive correlation between SPALLVOL and spallings release was expected.  The 
resampling of spallings samples was eliminated from the CRA-2004 PABC analysis, as required 
by EPA (Leigh and Kanney, 2005).  Instead, spallings releases for three hundred LHS samples 
were generated for the CRA-2004 PABC analysis. SPALLVOL was eliminated as a dependent 
variable because it was no longer needed. 

The dominant parameter in the CRA-2004 analysis, WMICDFLG, was not found to be an 
important contributor to the variability of spallings releases in the CRA-2004 PABC.  Previously 
there was a probability of 0.50 that there would be no microbial degredation occurring, a 
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probability of 0.25 that only cellulose-type would materials would decompose, and a probability 
of 0.25 that cellulose, plastic and rubber would decompose.  In the CRA-2004 PABC these 
probabilities were changed to 0.75 for the decomposition of the cellulose-type materials and 0.25 
for the decomposition of cellulose, plastic and rubber, as specified by the EPA (Leigh and 
Kanney, 2005).  The lack of sensitivity of WMICDFLG is undoubtedly due to this change.  The 
dominant parameter in the CRA-2004 PABC analysis is SPLPTDIA, the particle diameter for 
disaggregated waste.  The negative correlation with SPLPTDIA is due to the tendency to have 
greater fluidization at smaller particle diameters.  The remaining variables, with the exception of 
CMKDPU3, impact the gas pressures within the repository. HALPOR is the effective porosity in 
intact halite.  The positive correlation is likely to be due to having greater gas pressures under 
higher porosities due to greater brine flow into the repository.  CMTRXPOR is the diffusive 
porosity of the Culebra dolomite and the correlation shown is most likely spurious.  ANHPRM is 
the intrinsic permeability of the Salado marker bed. BPINTPRS is the far-field pore pressure in 
the Castile brine reserve. WBIOGENF is the probability of obtaining the sampled microbial gas 
generation rates.  BHPERM is the intrinsic permeability of the silt sand-filled borehole.  The 
correlations between spallings and CMKDPU3, the Kd for plutonium in oxidation state +III is 
likely to be spurious.  The Kd of plutonium should have no impact on spallings releases.  This 
variable is not included in the STEPWISE results for the other two replicates. 

 

Table 7-6.  Stepwise Rank Regression Analysis for Expected Normalized Spallings Releases 

 

Expected Normalized Release  

CRA-2004 PABC CRA-2004 

Step(a) Variable(b) SRRC(c) R2 (d) Variable SRRC R2 

1 SPLPTDIA -0.31 0.11 WMICDFLG 0.64 0.37 

2 HALPOR 0.22 0.17 SPALLVOL 0.35 0.50 

3 CMTRXPOR -0.23 0.21 ANHBCVGP -0.19 0.54 

4 ANHPRM 0.21 0.26 REPIPERM 0.17 0.57 

5 BPINTPRS 0.20 0.29 WRBRNSAT 0.13 0.59 

6 WBIOGENF 0.18 0.32 WSOLPU3C -0.14 0.61 

7 CMKDPU3 0.17 0.35 SHLPRM2 0.13 0.63 

8 BHPERM -0.17 0.38 HALPOR 0.13 0.65 

 
(a)  Steps in stepwise regression analysis;  (b)  Variables listed in order of selection in regression analysis;  (c)   Standardized Rank 
Regression Coefficient in final regression model;  (d)  Cumulative R2 value with entry of each variable into regression model   
 
7.7 SUMMARY 
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In general, the parameters to which releases are sensitive were the same for the CRA-2004 
PABC as those in the CRA-2004.  The change in the assumptions about microbial degradation 
had the greatest impact on the differences between the sensitivities exhibited in the CRA-2004 
analysis as compared to those of the CRA-2004 PABC analysis. On the one hand, the 
sensitivities of direct brine releases and mean total releases to WMICDFLG were eliminated, 
undoubtedly due to the elimination of the “no microbial degradation”, previously assigned a 
probability of 0.5, and the expansion of the probability of microbial decomposition of cellulose-
type materials from 0.25 to 0.75. On the other hand, WMICDFLG became the dominant 
contributor to the uncertainty in spallings releases. The only other significant change was that 
BHPERM replaced CMKDU as the parameter contributing most to the uncertainty in Culebra 
releases. The majority of the variability in Culebra releases could not be accounted for by the 
parameters. This was probably caused by the low frequency of non-zero releases and the failure 
of linear regression to model the data. All of the regression models include parameters that 
contribute only a few percent to the uncertainty in the releases.  Comparing the models by 
release across replicates showed that these minor contributors were not consistently present. In 
general, these parameters cannot be distinguished from spurious correlations and should be 
disregarded. 
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