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APPENDIX SA

SA.1 Introduction

Sensitivity analyses determine the contribution of the uncertainty in individual input variables to
the uncertainty in model predictions. The model prediction used in generating the
complementary cumulative distribution functions (CCDFs) described in Chapter 6.0 (Section
6.5) are the final releases to the accessible environment. These final releases are comprised of a
total of summed normalized releases along plausible pathways to the accessible environment. As
described in Appendix CCDFGF (Section 4.1, Equation 4.1) and Chapter 6.0, these pathways are
(1) cuttings and cavings, spallings, and brine releases direct to the surface during intrusion-
drilling events, (2) long-term releases to the accessible environment at the ground surface or
through groundwater flow in the Rustler Formation or overlying units after the intrusion borehole
has been plugged and abandoned, (3) long-term releases to the accessible environment at the
ground surface or through groundwater flow in the Rustler or overlying units that may result
from brine flow through the shaft seal system for either undisturbed or disturbed conditions, and
(4) long-term releases through brine flow in the interbeds (Marker Bed [MB] 138, anhydrites a
and b, and MB139) in the Salado Formation.

As described in Chapter 6.0 (Section 6.5), the only release pathways along which releases
occurred are Pathways 1 and 4 above. Releases for Pathway 4 are few (9 out of 300 realizations)
and negligible (summed normalized releases are less than 107%). Therefore, the summed
normalized releases that contribute to the CCDFs presented in Section 6.5 are comprised of
direct releases only because all other releases are negligible.

The sensitivity analysis presented in this appendix is for final total releases to the accessible
environment. Because total releases are determined solely by direct releases during drilling, only
imprecisely known parameters that are inputs to calculating these direct releases can influence
uncertainty in total releases. Thus, imprecisely known parameters that are involved only in
calculating long-term releases in Pathways 2, 3, and 4 above are not discussed here because they
do not influence uncertainty in total releases.

This appendix is organized by the most important direct releases contributing to the mean CCDF
described in Section 6.5. The relative importance of these direct releases is displayed in Figure
6-41 of Chapter 6.0 (Section 6.5). The dominant contribution is cuttings and cavings releases.
The sensitivity of imprecisely known parameters to uncertainty in cuttings and cavings releases is
described in Sections SA.2 and SA.3. Spallings releases have a small impact on the mean CCDF
for total releases. The sensitivity of parameters to uncertainty in spallings releases is described in
Sections SA.4 and SA.5. Direct brine releases have little impact on the mean CCDF for total
releases, but are the only other release of similar order of magnitude although at low exceedance
probabilities. The sensitivity of parameters to uncertainty in direct brine releases is described in
Sections SA.6, SA.7, and SA.8. .

DOE/CAO 1996-2184 SA-1 October 1996
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As described above and displayed in Figure 6-41 of Chapter 6.0 (Section 6.5), all releases other
than direct releases are negligible. Sensitivity of long-term release parameters to total releases
cannot be assessed because these long-term releases are negligible compared to direct releases.

SA.2 Cuttings and Cavings: Uncertainty and Sensitivity

Drilling intrusions through the waste panels at the Waste Isolation Pilot Plant (WIPP) can
penetrate the contact-handled (CH) or remote-handled (RH) transuranic (TRU) waste.
Specifically, the probabilities that a single intrusion through a waste panel will encounter CH- or
RH-TRU waste are 0.880 and 0.120, respectively. As the penetration of CH-TRU waste is more
likely than the penetration of RH-TRU waste and the concentrations of CH-TRU waste are
higher than those for RH-TRU waste (Figure SA-1), the cuttings and cavings release is
dominated by CH-TRU waste.

The volume of material removed by a drilling intrusion through RH-TRU waste is fixed at 1.38
cubic feet (0.039 cubic meters) (that is, the drill bit diameter is fixed at 1 foot [0.3115 meters],
which yields an intersection area of 0.85 square feet [0.076 square meters], and the effective
height of RH-TRU waste is assumed to be 1.7 feet [0.509 meters]). However, uncertainty in
inputs used in the performance assessment resuits in the volume of material removed as the result
of a drilling intrusion through CH-TRU waste ranging from approximately 10.6 to 105.9 cubic
feet (0.3 to 3 cubic meters) (Figure SA-2). The volumes in Figure SA-2 and also the volume e
indicated above for RH-TRU waste are the original (that is, uncompacted) volumes of the
removed waste. The use of uncompacted volumes simplifies the calculation of the radionuclide
concentrations used in the determination of cuttings and cavings releases and permits a
combining of removal volumes for intrusions at different times. The uncertainty in the volume
of CH-TRU waste removed as cuttings and cavings is determined by the variable TAUFAIL (see
also Appendix PAR, Parameter 33) (shear resistance for erosion) (Figure SA-3).

SA.3 Cuttings and Cavings: CCDFs
The complementary cumulative distribution functions (CCDFs) used for comparison with Title

40 Code of Federal Regutations (CFR) § 191.13 are constructed conditionally on individual Latin
hypercube sample (LHS) elements by randomly sampling futures of the form

Xy =t 81, by, 11 1 12, 02,02, b, P2, -0 by o B Iy Dy iin ] (1
1% intrusion 2™ ipwrusion n'? intrusion

where n is the number of drilling intrusions, ¢; is the time (year) of the i intrusion, @; designates

the type of waste penetrated by the i™ intrusion (that is, CH-TRU waste, RH-TRU waste), b;

designates whether or not the i intrusion penetrates pressurized brine in the Castile Formation, /;
designates the location of the i™ intrusion, p: designates the plugging procedure used with the i

intrusion (that is, continuous plug, two discrete plugs, three discrete plugs), and t,,;, is the time -
(year) at which potash mining occurs. A normalized release is then estimated for the particular

October 1996 SA-2 DOE/CAQO 1996-2184
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Note: Regenerated and modified from Sanchez et.al. (1996}, "EPAUNI: Estimating Probability
Distribution of EPA Unit Loading in the WIPP Repository for Performance Assessment
Calculations,” in SWCF; 12.07.1.1:WA:QAEPAUNI (WPO 39259)

Figure SA-1. Concentration (EPA units per cubic meter) of CH-TRU and RH-TRU
Waste
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Figure SA-2. Distribution of Original (that is, uncompacted) Volume of Cuttings and
Cavings Removed by a Single Drilling Intrusion through CH-TRU Waste
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Figure SA-3. Scatterplot for Volume of Material (cubic meters) Removed From
- Repository Due to a Single Drilling Intrusion through CH-TRU Waste
versus Shear Resistance (pascals) for Erosion {TAUFAIL)
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release mode under consideration, which, in this section, is cuttings and cavings removal. Once
the normalized releases are available, construction of the corresponding CCDF is
straightforward.

The cuttings and cavings release for a given drilling intrusion is the product of the volume of
waste removed (cubic meters) and the radionuclide concentration (EPA units per cubic meter) in
the removed waste. For RH-TRU waste, the indicated concentration corresponds to the
concentrations plotted in Figure SA-1 (see also Cry(k) in Table SA-1). For CH-TRU waste, the
sitnation is slightly more complex because of the presence of 569 waste streams (that is, distinct
types of waste), with each waste drum in the repository containing waste from only one waste
stream (see Cca(J.k), Pcu()) in Table SA-1). As a result, a single drilling intrusion through
CH-TRU waste can intersect several different waste streams. Given that waste drums containing
CH-TRU waste are stacked three high in the repository, the concentration of CH-TRU waste
associated with a specific intrusion is taken to be the average of the concentrations associated
with three randomly selected waste streams, which results in considerable variability in the size
of the cuttings releases for individual intrusions (Figure SA-4).

Table SA-1. Results Available for Use in CCDF Construction for Cuttings and Cavings
Removal

Ceu(f. k) concentration (EPA units per cubic meter) in CH-TRU waste stream j, j= 1. 2, ..., 569, at time
k,where k=1, 2,3,4,5,6.7, 8 9 corresponds to 100, 125, 175, 350, 1,000, 3,000, 5,000,

7,500 and 10,000 years, respectively.

Peulf) = probability that a randomly sampled drum of CH-TRU waste will come from: waste stream j, j =
1,2, ..,568.

Acy = area (square meter) through CH-TRU waste removed due to cuttings and cavings associated
with a single drilling intrusion. :

Hey = height (meters) of waste panels used for disposal of CH-TRIJ waste. Value: 3.96 meters.

Fen = fraction of volume removed by drilling intrusion through CH-TRU waste that is actually waste.

Value: 0.386 = (volume of CH-TRU waste) / (volume of waste panels) = (1.685 x 10° cubic
meters / 4.36 x 10° cubic meters).

Cralk) = concentration (EPA units per cubic meter) in RH-TRU waste at time &, with k corresponding to
the same times as for CH-TRU waste. See Figure SA-1.

Apy = same as Agy but for RH-TRU waste. Value: 0.076 square meter = = (drillbit diamater/2)* = =
(0.31115/2)%. Note: Little erosion around the drillbit takes place for intrusions through RH-
TRU waste.

Hyy = same as Hqy but for RH-TRU waste. Value: 0.509 meters. Note: Expected height of RH-TRU
cylinder.

Fry = Same as Fgybut for RH-TRU waste. Vaiue: 1. Note: Consistent with emplacement procedure
for RH-TRU waste.

DOE/CAD 1996-2184 SA-9 October 1996
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For a given future X, of the form shown in Equation 1, the cuttings release to the accessible
environment is given by

n
fe(xg)= 3 rG, (2)
i=1
where
rC;=0 if a; ~ no waste
3
= Acy Hey Fey {Z Ceuljti ), zi]/a} if a; ~ CH-TRU waste
r=1
= Ary Hry Fry Cry (1) if a; ~ RH-TRU waste

an integer randomly selected from 1, 2, ..., 569 for r =1, 2, 3 in consistency with the
probabilities Peg(), j= 1, 2, N 569,

j@. )

and all remaining symbols are defined in Table SA-1. The above summation fromr=1tor=3
corresponds to the determination of an average concentration over three randomly selected waste
streams. Further, the appearance of ¢; in Ccrlj(i, r), ti] and Cry(y;) implies interpolation between

the actual time values in Table SA-1 at which Ccy and Cry are available.

For each LHS element, nS = 10,000 futures are randomly selected and the corresponding cuttings
and cavings releases are determined as shown in Equation 2. The resultant CCDFs for cuttings
and cavings releases to the accessible environment are then constructed (Figure SA-5). All the
CCDFs fall below the boundary line specified in 40 CFR § 191.13(a). Further, the distribution of
CCDFs is relatively tight. As volume of removed waste (that is, Acy Hcy as used in conjunction
with Equation 2) is the only quantity used in the determination of cuttings and cavings releases
that is affected by a variable in the LHS, the uncertainty in the CCDFs shown in Figure SA-5 is
due entirely to the effective shear resistance for erosion (TAUFAIL, see Appendix PAR,
Parameter 33) (Figure SA-3).

The CCDFs in Figure SA-5 are for summed normalized release, which is not a very intuitive
quantity. To help provide perspective, CCDFs for the volume of material brought to the surface
(that is, the quantity obtained from Equation 2 when Fcy, Ccn, Fru, and Cry are equal to 1) can
also be constructed (Figure SA-6). The release of more than 10 cubic meters of material is
unlikely.

October 1996 SA-10 DOE/CAO 1996-2184
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Note: Results calculated with median volume (0.508 cubic meters) from Figure SA-2, 38.6 percent
of removed volume assumed to be CH-TRU waste, and a sample size of 1,000 at each time.

Figure SA-4. Distribution of Normalized Release to Accessible Environment for
Cuttings and Cavings Removal from CH-TRU Waste due to Variation
in Intersected Waste Streams
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Figure SA-5. Distribution of CCDFs for Summed Normalized Release to Accessible
Environment over 10,000 Years due to Cuttings and Cavings

DOE/CAO 1996-2184

October 1996



Title 40 CFR Part 191 Compliance Certification Application

THIS PAGE INTENTIONALLY LEFT BLANK

October 1996 SA-14 DOE/CAQ 1996-2184



Title 40 CFR Part 191 Compliance Certification Application

Cuttings/Cavings Volume Releases Cuttings/Cavings Volume Releases
100 Observations, 10000 Futures/Observation, Replicate 1 100 Observations, 10000 Futures/Observation, Repiicate 1
Ty T T
10° — 10° ¢ -
> > 3 ]
A A t q
S b S b 1
= < 3 1
> 2 > 3 3
2 [ = i
E 2 | E 2 | Mean -
= 10 s 10 3 ——— 90th Quantie
el <] L —==—= 50th Cuantle
& a S 10th Quanmle
w? E 167 3 '3
10-4 paaal 10*‘ MR AR | oo s ionl o sl i NEET
10°% 197 10? 107 10° 10" 10°
Volume Removed (m?}, V Volume Removed (m?), V
CCA-SAQUG-0
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SA.4 Spallings: Uncertainty and Sensitivity

Drilling intrusions through CH-TRU waste can also produce spallings releases, which are
releases of solid material as the result of rapid gas movement toward a borehole at the time of
intrusion. Because of the low permeability of the region surrounding each RH-TRU waste
canister, intrusions into RH-TRU waste are assumed not to produce spallings releases.

The spallings model predicts a release of solid material. For computational convenience and also
for comparability with cuttings and cavings results, the released volume of material is reported as
the volume of the original, uncompacted material emplaced in the repository. For a given
drilling intrusion, this volume is multiplied by the average concentration (EPA units per cubic
meter) of CH-TRU waste in the waste panels (Figure SA-1) at the time of the intrusjon to
produce the spallings release.

The size of the spallings release is sensitive to the pressure in the repository at the time of the
associated drilling intrusion. In turn, pressure is dependent on both the time of a drilling
intrusion and whether or not that drilling intrusion has been preceded by earlier intrusions. Due
to the 1-degree dip of the repository, it is also possible that conditions influencing spallings may
differ between upper (that is, Panels 1, 2, 3, 6, 7, 8, 9) and lower (that is, Panels 4, 5, 10) panels.

For initial intrusions into the repository, spallings calculations were performed for intrusions at
100, 350, 1,000, 3,000, 5,000, and 10,000 years and also for intrusions into one of the seven
updip or upper (U) waste panels and one of the three downdip or lower (L) waste panels

(Figure SA-7). Early intrusions often produced no releases, with the number of nonzero releases
increasing with time as the result of increasing pressure in the repository (Figure SA-8). The
spaliings model incorporates the assumption that no spallings release will take place when the
repository pressure is less than 8 megapascals (see Appendix CUTTINGS), which results in the
switch from zero to nonzero spallings releases in Figure SA-8. The volumes of the nonzero
spallings releases are between approximately 18 and 141 cubic feet (0.5 and 4 cubic meters), and
the corresponding normalized releases are between approximately 3 X 107 and 2 x 102 EPA
units. The releases from intrusions into an upper or lower panel at the same time are essentially
identical (Figure SA-7).

Although pressure determines whether a nonzero spallings release takes place, 1t has little effect
on the actual size of the release (Figure SA-8). Rather, given that a nonzero release takes place,
the variable for a diameter of particles available for removal as spallings (PARTDIA) determines
the actual size of this release (Figure SA-9). Specifically, the size of the release increases as
PARTDIA decreases.

At a value of PARTDIA = 2.5 x 107 meters, there is a noticeable change in behavior, with the
volume of released material suddenly changing from approximately 88.3 cubic feet (2.5 cubic
meters) to a range of values bounded below by approximately 125.6 cubic feet (3.2 cubic meters)
(Figures SA-9 and SA-10). Further, below PARTDIA = 2.5 X 107 meters, there is a stronger
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relationship between pressure and volume of released material than exists at higher values of
PARTDIA (Figure SA-8). This discontinuity is caused by an abrupt change in the coefficient of
drag for particles at Reynolds (Re) numbers of 2 x 10°. Above Re = 2 x 10°, the boundary layer
on the forward surface of smooth spheres changes from laminar to turbulent flow and tends to
move the boundary layer point of separation downstream. This movement causes the size of the
wake to decrease and reduces pressure drag, which results in the observed discontinuity and
larger releases for small values of PARTDIA. (See Fox and McDonald 1973, 404 - 408.)

Spallings calculations were also performed for intrusions subsequent to an initial intrusion into
the repository for the following cases: (1) an initial E1 intrusion at 350 years followed by a
second intrusion at 550, 750, 2,000, 4,000, or 10,000 years (Figure SA-11), (2) an initial E1
intrusion at 1,000 years followed by a second intrusion at 1,200, 1,400, 3,000, 5,000, or 10,000
years (Figure SA-11), (3) an initial E2 intrusion at 350 years followed by a second intrusion at
550, 750, 2,000, 4,000, or 10,000 years (Figure SA-12), and (4) an initial E2 intrusion at 1,000
years followed by a second intrusion at 1,200, 1,400, 3,000, 5,000, or 10,000 years

(Figure SA-12). Further, spallings releases were calculated for two cases for each of the second
intrusion times: (1) Intrusion into the same waste panel as the first intrusion, and (2) intrusion
into a different waste panel than the first intrusion. Intrusion times 200 and 400 years after the
initial time (that is, 550 and 750 years for an initial intrusion at 350 years, and 1,200 and 1,400
years for an initial intrusion at 1,000 years) were selected to give results just before and after the
borehole plug at the Rustler and Salado interface is assumed to fail for plugging patterns 2 and 3
(see Section 6.4.7.2). Wider time intervals were used at later titnes because gas pressure tends to
change rather slowly at later times, thus allowing the use of larger times between calculations.
The distinction between an intrusion into same and different panels was made because of the
possible effects of the resistance to flow between waste panels as the result of the presence of
panel closures and the occurrence of brine flow down a borehole into the intruded panel.

Scatterplots for second intrusions equivalent to those in Figures SA-8 and SA-9 for initial
intrusions show exactly the same patterns; the occurrence of a spallings release depends on
whether the pressure is above 8 megapascals, and the actual size of the release depends on
PARTDIA. For most sample elements, there is no spallings release for the second intrusion
because the pressure is less than 8 megapascals. The greatest number of nonzero spallings
releases occurs when the second intrusion is 200 years after the first intrusion, because the
borehole plug at the Rustler and Salado interface has yet to fail and, as a result, the pressure has
not been reduced by gas flow up the first borehole.

SA.S Spallings: CCDFs

As for cuttings and cavings, each LHS element leads to a CCDF for spallings releases that is
obtained by randomly sampling futures of the form in Equation 1 and then constructing the
corresponding spallings release for each future. This construction is based on the volumes of
material (cubic meters) released by spallings under different conditions and the radionuclide
concentration {EPA units per cubic meter) in that material (Table SA-2).
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Figure SA-11. Distribution of Original (that is, uncompacted) Volume Removed (cubic
meters) and Summed Normalized Release (EPA units) due to Spallings
for the Second Drilling Intrusion into CH-TRU Waste after an Initial
E1 Intrusion at 350 or 1,000 Years
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Figure SA-12. Distribution of Original (that is, uncompacted) Volume Removed (cubic
meters) and Summed Normalized Release (EPA units) due to Spallings
for the Second Drilling Intrusion into CH-TRU Waste after an Initial
E2 Intrusion at 350 or 1,000 Years
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Table SA-2. Results Available for Use in CCDF Construction for Spallings Releases

CrrlT) = concentration (EPA units per cubic meter) in CH-TRU waste at time T,, where 1, k = 1,
2, ..., 9, corresponds to 100, 125, 175, 350, 1,000, 3,000, 5,000, 7,500 and 10,000
years, respectively. See curve “CH-TRU waste within waste paneis” in Figure SA-1.

VSro () = volume (cubic meters) of original (that is, uncompacted) material released by a drilling
intrusion into a previously unintruded repository at time 7, that encounters CH-TRU
waste in an upper waste panel, where 1,, k=1, 2, ..., 6 corresponds te 100, 350, 1,000,
3,000, 5,000, and 10,000 years, respectively. See Figure SA-7.

VSeo () = same as VSg (T:) but for intrusion into a lower waste panel. See Figure SA-7.

V8es(Ti, ATy) = volume (cubic meters) of original (that is, uncompacted) material released by second
driliing intrusion at time 7T, + ATy into the same waste pane] penetrated by an initial E]
intrusion at time 1;, where 1;, j = 1, 2, corresponds to 350 and 1,000 years; Aty k=1,
2, ..., 7, corresponds to 350, 530, 750, 2,000, 4,000, 10,000, and 10,250 years (that is,
Aty =0, 200, 400, 1,650, 3,650, 9,650, 9,900 years), results for k=2, 3, ..., 6 are
summarized in Figure SA-11, VSg 5(1), ATy)) = VS5 5(Ty, ATy) (that is, VSg, 5 (350, 0)
= VSELS (350,200)), and Vg s(T;, ATig) = VSELS(TI-: ATy7) (thatis, VSEI.S (350, 9,650)
= V8g15(350, 9.900)); and 1; + ATy, k= 1, 2, ..., 6, corresponds to 1,000, 1,200,
1,400, 3,000, 5,000 and 10,000 years (that is, A1y, = 0, 200, 400, 1,000, 4,000, 9,000
years), results for k=2, 3, ..., 6 are summarized in Figure SA-11, and VSg, «(12, ATyy)
= VSElﬁg(Tz, ATy2) (thatis, VSEl_s(l,OOO, 0) = VSE]J‘(I,OOO, 200)). The assignments
VSg15(350, 0) = VSg5(350, 200) and VSg, 5(1,000, 0) = VSg 5(1,000, 200) are made
to bracket the time period between the occurrence of the first drilling intrusion and the
failure of the plug at the Rustler and Salado interface; the assignment VSg, (350,
9650) = VSg; 5 (350, 9,900) is made to facilitate the use of VSg s(t}, Aty;) for initial
intrusions before 1) = 350 years.

VS o(Ti, Aty) = same as VSg 5(T;, AT;) but for intrusion into a different waste panel. See Figure SA-11.
VSe2.5(%, Ata) = same as VS s(1,, AT} but for initial E2 intrusion. See Figure SA-12.
V82 p(T, ATi) = same as VSg p(T,, AT;) but for initial E2 intrusion. See Figure SA-12.

For each sampled intrusion time, radionuclide concentration can be obtained by interpolating on
Ccr(T). Further, for an initial intrusion, the volume of released material can be obtained by
interpolating on VSg (1) and VSgo (7). Obtaining results for second and subsequent intrusions
is more difficult for two reasons. First, results are available for initial intrusions at only 350 and
1,000 years. Second, results are available for second intrusions but not for subsequent intrusions.

The availability of results for initial intrusions at only 350 and 1,000 years is handled by
extending these resuits to initial intrusions at other times on the basis of the assumption that the
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elapsed time from the first to the second intrusion (that is, ATy) is the primary determinant of the
spallings release for the second intrusion. Specifically, the following assignments are made:

VSE1s (T, Aty ) = V8g1s(T1, ATy ) 3)

for 100 £ 1 < 1y = 350 years, and

VSgys(T. Ator) = Vg1 s(T2, ATy ) (4)

for 72 = 1,000 £ 7 < 10,000 years. Similar assignments are also made for VSg, p, VSk s and
VSEe2p. The lack of results for more than two intrusions is handled by assuming that spallings
releases for third and subsequent intrusions can be estimated by tgnoring intermediate intrustons
and treating the initial intrusion and the particular subsequent intrusion under consideration as if
they were the only two intrusions in existence (Table SA-2).

For each LHS element, n§ = 10,000 futures are randomly selected and the corresponding

spallings releases are determined as shown in Table SA-2. As an aside, the same 10,000 futures

are used for all CCDF constructions for a given LHS element, which ultimately permits the

combining of all release modes (that is, cuttings, spallings, direct brine release, and groundwater .
transport) into a single CCDF. The resultant CCDFs for spallings releases to the accessible |
environment are then constructed (Figure SA-13). All the CCDFs fall below the boundary line

specified in 40 CFR § 191.13(a). Overall, the CCDFs tend to be farther from the boundary line

and also more scattered than the CCDFs for cuttings and cavings (Figure SA-5), with 18 out of

100 CCDFs being degenerate (that is, having no nonzero releases) for the first replicate.

The division of the CCDFs in Figure SA-13 into four distinct groups depends on when an initial
intrusion into the repository will produce nonzero releases. With the drilling rate into the
excavated regions of the repository given by A = 5.90 x 1078 yr! during the 600 years of passive
institutional controls and by A = 5.90 x 10~* yr™! after passive institutional controls are assumed
to have ended, the probabilities of no drilling intrusions by 1,000, 3,000, and 5,000 years are
given by 0.83, 0.26 and 0.079, respectively. These probabilities approximately correspond to the
point at which the three lower groups of CCDFs emerge from the ordinate. The uppermost group
of CCDFs emerges at approximately 1, which implies that initial intrusions at all times for the
corresponding LHS elements are producing nonzero releases. The probabilities given above are
actually overestimates because spallings gives releases only for intrusions into CH-TRU waste.
The CCDFs tend to emerge at lower probabilities because there is no guarantee that the specified
time will actually have nonzero releases associated with it.

The primary determinant of the uncertainty in the CCDFs in Figure SA-13 is the pressure

conditions in the repository (Figure SA-8), with no spallings releases taking place at pressures

less than 8 megapascals. Given that the pressure is above 8 megapascals, the uncertainty in the .
spallings release is determined by PARTDIA (Figure SA-9).
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Figure SA-13. Distribution of CCDFs for Summed Normalized Release to Accessible
Environment over 10,000 Years due to Spallings
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To provide additional perspective, CCDFs for the volume of material released by spallings (that
is, the quantity obtained from Table SA-3 when Ccy is set to 1) can also be constructed

(Figure SA-14). Similarly to cuttings and cavings, the release of more than 353 cubic feet (10
cubic meters) of material over 10,000 years is unlikely.

The spallings releases for individual futures were constructed with the assumption that each
intrusion could result in a spallings release (Table SA-3). However, releases after the first
intrusion occur only if the pressure in the repository remains above 8 megapascals. The pressure
in the repository subsequent to an intrusion is dependent on the borehole permeability. In the
present analysis, there is no variation in the permeabilities among boreholes above the repository
horizon for plugging patterns 2 and 3; specifically, all boreholes for a given LHS element are
assumed to have the same permeability. As the repository rapidly drops below 8 megapascals,
unless a borehole has a very low permeability, it is probably unreasonable to assume that the
pressure in the repository after multiple intrusions has the same value as after a single intrusion.
Rather, once a higher permeability borehole occurs, the pressure would drop below

8 megapascals and no additional spallings releases would take place. Inclusion of this
depressurization mechanism in the analysis would reduce the spallings releases (Figure SA-15).

SA.6 Direct Brine Release: Uncertainty and Sensitivity

Drilling intrusions through CH-TRU waste can produce direct brine releases and hence dissolved
radionuclides, as the result of rapid fluid movement toward a borehole at the time of intrusion.
Because of the low permeability of the region surrounding each RH-TRU waste canister,
intrusions into RH-TRU waste are assumed not to produce direct brine releases.

The direct brine release model predicts a release of brine (cubic meters). For a given drilling
intrusion, the volume of released brine is multiplied by the concentration (EPA units per cubic
meter) of dissolved radionuclides in CH-TRU waste (Section SA.7) at the time of the intrusion to
produce the direct brine release. Prior to an El intrusion, solubilities associated with brines
derived from the Salado are used; after an E1 intrusion, solubilities associated with brines
derived from the Castile are used.

The amount of brine associated with a direct brine release is sensitive to both the pressure and
brine saturation in the vicinity of the drilling intrusion. In turn, pressure and saturation are
dependent on both the time of a drilling intrusion and whether the drilling intrusion has been
preceded by earlier intrusions. Because of the 1-degree dip of the repository, it is also possible
that conditions influencing direct brine release may differ between upper (that is, Panels 1, 2, 3,
6,7, 8, 9) and lower (that is, Panels 4, 5, 10) panels.

The preceding considerations involving the time and location of drilling intrusions also affect
spallings releases. Therefore, direct brine release calculations were performed for the same times
as spallings calculations. Specifically, direct brine release calculations were performed for initial
intrusions at 100, 350, 1,000, 3,000, 5,000 and 10,000 years and also for intrusions into one of
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1 Table SA-3. Determination of Spallings Release fsp(X,) for an Arbitrary Future X, of

Form in Equation 1

2
3
Notation:
nH i
nD
b

TSP,'

rSP,-

H il

[}

number of intrusions prior to intrusion f that penetrate pressurized brine and use plugging pattern 2
(that is, two discrete plugs)

number of intrusions required to deplete brine reservoir

¢ if intruston { into (1) nonexcavated area or (2) excavated area and plugging pattern 1 used (that is,
continuous piag)

1 if intrusion { into excavated area, penetrates pressurized brine, plugging pattern 2 used, and nH; < nD
2 if intrusion { into excavated area and either (1) penetrates pressurized brine, plugging pattern 2 used,

and nH; > nD, (2) does not penetrate pressurized brine and plugging pattern 2 used, or (3) plugging
pattern 3 used (that is, three discrete piugs)

Release rSP; for intrusion into pressurized repository at time ¢; (thatis, i=1 or b ; =0forj=1,2, ..., 1)

0 ) if intrusion penetrates RH-TRU waste or no waste
Cen(t)" VSt if ; in upper waste panel
Cep(t) VSenr(t:) if , in lower waste panel.

Release rSP; for intrusion into a depressurized repository at time ¢, with no El intrusion in first { — 1 intrustons (that
is, by =0fork=1,2,..,j= 1, b; =2, b #1fork=j+1,j+2,...,i-1)

0 if intrusion penetrates RH-TRU waste or no waste
Can(t) VSmastn t; = 1)° if I;, [; in same waste panel
= Cey(t) VSpmp(tn, i — 1) if I, I; in different waste panels.

Release rSP; for intrusion into a depressurized repository at time #; with first El intrusion at titne #; < 1; (that is, b, #

1fork=1,2,....j~1, b; =1)

rSP; = 0 if intrusion penetrates RH-TRU waste or no waste
= Co(t) VSmst, ti—8) . if I, I; in same waste panel '
= Coulty) VSaip(t, ti— 1) if I, I; in different waste panels.
Spallings release for(X.n)::

fsp(Xe)= Z rSF
i=1

? Here and elsewhere, appearance of an undefined time implies interpolation between defined times in Table SA-2.
® Here and elsewhere, appearance of two undefined times implies two-dimensional interpolation between defined
times in Table SA-2.
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Figure SA-14. Distribution of CCDFs for Volume of Material (cubic meters) Removed
to Accessible Environment over 10,000 Years due to Spallings
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the seven updip (upper) waste panels and one of the three downdip (lower)} waste panels
(Figure SA-16). Most LHS elements produce no releases. Further, most of the nonzero releases
occurred for intrusions into the lower waste panel.

Examination of the results for intrusion into the lower waste panel shows that nonzero brine
releases tend to be associated with larger values for brine saturation and intermediate values for
pressure (Figure SA-17). The largest gas pressures tend to be associated with low brine
saturations (Figure SA-18) caused by the consumption of brine in the corrosion of steel and
hence result in no direct brine releases. As pressure is almost constant throughout the repository,
the greater number of zero releases for intrusions into the upper waste panel is the result of lower
brine saturation (Figure SA-16). When a nonzero brine release does occur, the size of the
corresponding normalized release tends to increase as the dissolved radionuclide concentration in
the brine increases (Figure SA-19).

Direct brine release calculations were also performed for intrusions subsequent to an injtial
intrusion for the same intrusion combinations as used for spallings (Figures SA-20 and SA-21).
As for initial intrusions, most LHS elements result in no brine release for second intrusions.
Because of the effects of the brine reservoir, intrusions subsequent to an E1 intrusion tend to
have more nonzero releases than intrusions subsequent to an E2 intrusion. Further, intrusions
into the same waste panel tend to'result in larger releases than intrusions into a different waste
panel. As pressure is almost constant throughout the repository, the greater number of zero
releases from intrusions into different waste panels is the result of lower brine saturation.
However, it should be recognized that, in the computational implementation of the analysis, what
is described as two intrusions into the same panel is actually two intrusions into the same lower
panel, and what is described as two intrusions into different panels actually consists of an initial
intrusion into a lower waste panel and a subsequent intrusion into an upper waste panel.

Borehole permeability (BHPERM), brine saturation and repository pressure {(megapascals)
interact to determine the volume of brine (cubic meters) released by a second drilling intrusion
{Figure SA-22).

SA.7 Solubility: Uncertainty and Sensitivity

Given that a nonzero brine release takes place, radionuclide concentration is a major determinant
of the size of a direct brine release (Figure SA-19). The concentrations used in determining a
direct brine release depend on whether the conditions in the repository are dominated by brine
from the Salado (upper frame, Figure SA-23) or brine from the Castile (lower frame, Figure SA-
23). For the performance assessment, releases from a previously unintruded repository and also
releases not preceded by an El intrusion use the Salado-dominated concentrations; releases after
an E1 intrusion use the Castile-dominated concentrations. Thus, the normalized releases in
Figures SA-16 and SA-21 were calculated with the appropriate time-dependent concentrations
from the upper frame of Figure SA-23; similarly, the normalized releases in Figure SA-20 were
calculated with the appropriate time-dependent concentrations fro lower frame of Figure
SA-23.
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Each curve in Figure SA-23 results from one LHS element and derives from the values of several
uncertain variables.

The noticeable downward shift of the concentration curves in Figure SA-23 results when the
number of EPA units in solution changes as a result of radioactive decay from being dominated
by 2*' Am to being dominated by %Pu. A similar but less conspicuous shift also takes place at
earlier times in the upper frame of Figure SA-23 when the number of EPA units in solution
changes from being dominated by >%py to being dominated by 21 Am.

SA.8 Direct Brine Release: CCDFs

As for cuttings and spallings, each LHS element leads to a CCDF for direct brine release that is
obtained by randomly sampling futures of the form in Equation 1 and then constructing the
corresponding direct brine release for each future. This construction is based on the volumes of
brine (cubic meters) released directly under different conditions and the radionuclide
concentration (EPA units per cubic meter) in that brine (Table SA-4). The structure of the results
in Table SA-4 for direct brine releases is the same as the structure of the results in Table SA-2 for
solid material releases from spallings.

For each sampled intrusion time, radionuclide concentration can be obtained by interpolating on

Ceo(1) and Cgi(Ti) as appropriate. Specifically, Ceo(t) is used before any Castile brine has —
entered the repository from an E1 intrusion, and Cgi(T;) is used after an E1 intrusion has allowed |
Castile brine to enter the repository. Further, for an initial intrusion, the volume of released

material can be obtained by interpolating on VBg (i) and VBgo ().

As for spallings, obtaining results for second and subsequent intrusions is more difficult for two
reasons. First, results are available for initial intrusions at only 350 and 1,000 years. Second,
results are available for second intrusions but not for subsequent intrusions. The availability of
results for initial intrusions at only 350 and 1,000 years is handled by extending these results to
initial intrusions at other times on the basis of the assumption that elapsed time from the first to
the second intrusion (that is, ATj) is the primary determinant of the direct brine release for the
second intrusion. Specifically, the following assignments are made:

VBg1,s(T. Aty ) = VBgy 5(11, ATy (5)

for 100 £ 1 < 1; = 350 years, and

VBg1,s(t, Aty ) = VBEy (T2, ATy ) (6)

for 1, = 1,000 < 1< 10,000 years. Similar assignments are also made for VBg; p, VB s and
VBg p. The lack of results for more than two intrusions is handled by assuming that direct brine
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Figure SA-17. Scatterplots for Volume of Brine (cubic meters} Removed from Reposi-

tory from Direct Brine Release Resulting from a Single Drilling Intrusion
into a Previously Unintruded Repository that Passes through CH-TRU
Waste in a Lower Waste Panel versus Brine Saturation and Pressure
(pascals) in That Panel.
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Figure SA-18. Scatterplots for Brine Saturation versus Pressure (pascals) in Lower
Waste Panels of Undisturbed Repository
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Figure SA-19. Scatterplot for Normalized Release (EPA units) from Repository from
Direct Brine Release Resulting from a Single Drilling Intrusion at 10,000
Years into a Previously Unintruded Repository that Passes through
CH-TRU Waste in a Lower Waste Panel versus Radionuclide Concen-
tration in EPA units per cubic meter at 10,000 Years
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Figure SA-21. Distribution of Brine Release (cubic meters) and Summed Normalized
Release (EPA units) from Direct Brine Release for the Second Drilling
Intrusion into CH-TRU Waste after an Initial E2 Intrusion at 350 or
1,000 Years
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Figure SA-23. Radionuclide Concentration (EPA units per cubic meter) in Repository
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Table SA-4. Results Available for Use in CCDF Construction for Direct Brine Releases

Cro (T2 = concentration (EPA units per cubic meter) in brine in the repository under undisturbed
conditions at time T, where 7, k=1, 2, ..., 9, corresponds to 100, 125, 175, 350,
1,000, 3,000, 5,000, 7,500, and 10,000 years. Based on solubilities and chemical
conditions for repository dominated by Salado brine; see upper frame, Figure SA-23.

Cri (1) = concentration (EPA units per cubic meter) in brine in the repository subsequent to an
E1 intrusion at time 1, where 1, k=1, 2, ..., 9, corresponds to 1(X}, 125, 175, 350,
1,004, 3,000, 5,000, 7,500, and 10,000 years. Based on solubilities and chemical
conditions for repository dominated by Castile brine; see lower frame, Figure SA-23.

VBro (T = volume (cubic meters) of brine released by a drilling intrusion into a previousty
unintruded repository at time 1T; that encounters CH-TRU waste in an upper waste
panel, where T, k= 1, 2, ..., 6, corresponds to 100, 350, 1,000, 3,000, 5,000, and
10,000 years, respectively. See Figure SA-16.

VB r(Ti) = Same as VBgy {(T;) but for intrusion into a lower waste panel. See Figure SA-16.

VB o(T5 ATy) = volume (cubic meters) of brine released by second drilling intrusion at time T; + AT
into the same waste panel penetrated by an initial E1 intrusion at time 1;, where 1;, j =
1, 2, corresponds to 350 and 1,000 years; 1, + Aty k=1, 2, ..., 7, corresponds to 350,
550, 750, 2,000, 4,000, 10,000, and 10,250 years (that is, A1y, = 0, 200, 400, 1,650,
3,650, 9,650, 9,900 years), results for k=2, 3, ..., 6 are summarized in Figure SA-20,
VBg 5(T1, ATi) = VBe1s(T1, ATyy) (that is, VBg s (350,0) = VBg; 5(350, 200)), and
VBgy 5(T1, ATig) = VB s(1), ATy7) (thatis, VBg, 5(350, 9,650) = VBg, (350, 990)); and
T+ Aty k=1,2, ..., 6, corresponds to 1,000, 1,200, 1,400, 3,000, 5,000 and 10,000
years (that is, ATy = 0, 200, 400, 1,000, 4,000, 9,000 yr), results for k=2, 3, ..., 6 are
summarized in Figure SA-21, and VBg) 5(13, ATz1) = VBg o(To, ATyy) (thatis, VBg ¢
(1,000, 0) = VBg; 5 (1,000, 200)). The assignments VBg, 5(350, 0) = VB, (350, 200)
and VB, 5(1,000, 0) = VBg; (1,000, 200) are made to bracket the time period between
the occurrence of the first drilling intrusion and the failure of the plug at the Rustler
and Salado interface; the assignment VBE, 5(350, 9.650) = VBg, 5(350, 9,900) is made
to facilitate the use of VBg ¢(1,, ATy,) for initial intrusions before 7, = 350 years.

VB p(T; Ati) same as VBg; o(1;, ATy) but for intrusion into different waste panel. See Figure SA-20.

VB s(Ti ATy)

same as VBy, 5{T;, Aty) but for initial E2 intrusion. See Figure SA-21.

VB p(T), ATy) same as VBg p(T;, ATy) but for initial E2 intrusion. See Figure SA-21,
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releases for third and subsequent intrusions can be estimated by ignoring intermediate intrusions
and treating the initial intrusion and the particular subsequent intrusion under consideration as if
they were the only two intrusions in existence (Table SA-5).

For each LHS element, nS = 10,000 futures are randomly selected and the corresponding direct
brine releases are determined as shown in Table SA-5. The resultant CCDFs for direct brine
releases to the accessible environment are then constructed (Figure SA-24). All the CCDFs fall
below the boundary line specified in 40 CFR § 191.13(a). Overall, the CCDFs tend to be farther
from the boundary line and also more scattered than the CCDFs for cuttings/cavings and
spallings (Figures SA-5 and SA-13), with 48 out of 100 CCDFs being degenerate (that is, having
no nonzero releases) for the first replicate.

The primary determinants of the uncertainty in the CCDFs in Figure SA-24 are the pressure and
brine saturation conditions in the repository, with no direct brine releases taking place for low
brine saturation (Figure SA-17) and also no releases taking place for low pressures (Figure
SA-17).

To provide additional perspective, CCDFs for volume of brine released directly (that is, the
quantity obtained from Table SA-5 when Cg and Cg are set to 1) can also be constructed
(Figure SA-25). Similarly to cuttings/cavings and spallings, the release of more than 353 cubic
feet (10 cubic meters) of brine over 10,000 years is unlikely.

The direct brine releases for individual futures were constructed with the assumption that each
intrusion could result in a direct brine release (Table SA-5). However, releases after the first
intrusion occur only if the pressure in the repository remains above approximately 8 megapascals
(Figure SA-21). The pressure in the repository subsequent to an intrusion is dependent on the
borehole permeability. In turn, this means that the occurrence of direct brine releases subsequent
to an initial intrusion is also dependent on borehole permeability (Figure SA-21). In the present
analysis, there is no variation in the permeabilities among boreholes above the repository horizon
for plugging patterns 2 and 3; specifically, all boreholes for a given LHS element are assumed to
have the same permeability. As the repository rapidly drops below 8 megapascals, unless a
borehole has a very low permeability, it is probably unreasonable to assume that the pressure in
the repository after multiple intrusions has the same value as after a single intrusion. Rather,
once a higher permeability borehole occurs, the pressure would drop below 8 megapascals and no
additional direct brine releases would take place. Inclusion of this depressurization mechanism
in the analysis would substantially reduce the direct brine releases (Figure SA-26).

SA.9 Summary of Sensitivity Analyses for Total Releases

As shown in Figure 6-41 of Chapter 6.0 and discussed in Section 6.5.3, the location of the mean
CCDF is dominated by releases resulting from two mechanisms: (1) cuttings and cavings, and
(2) spallings. Direct brine releases are unimportart in contributing to the location of the mean
CCDF, and releases from subsurface groundwater transport e essentially no contribution to

rf S
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Figure SA-24. Distribution of CCDFs for Summed Normalized Release to Accessible
Environment over 10,000 Years due to Direct Brine Release
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Figure SA-25. Distribution of CCDFs for Volume of Brine (cubic meters) Removed to
Accessible Environment over 10,000 Years due to Direct Brine Release
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Table SA-5. Determination of Direct Brine Release f5;(X;,) for an Arbitrary Future X of
Form in Equation 1

Release rBL; for intrusion into pressurized repository at time f; (thatis, i =1 or b = Oforj=1,2,...,i1)
rBL, = 0 if intruston penetrates RH-TRU waste or no waste
= Cro(t)°VBag 11D if /; in upper waste panel
= Cgplt;)) VBeo (1) if /; in upper waste panel.

Release rBL; for intrusion into a depressurized repository at time #; with no El intrusion in first { — 1 intrusions (that
is, by =0fork=1,2,....j-1,b; =2, by #1fork=j+1,j+2,...,i— 1)

rBL, = 0 if intrusion penetrates RH-TRU waste or no waste
= Cgolt) VBg sty ti—1)° if 4, I; in same waste panel
= Cgplty) VBap(t, t;—~ 1) if I;, {; in different waste panels.

Release rBL; for intrusion into a depressurized repository at time ¢; with first E1 intrusion at time {; < 1; (that is, Ek #

1fork=1,2,....j-1, b; =1)

rBL; = 0O if intrusion penetrates RH-TRU waste or no waste

= Cgi(t) VBE!,S(tjs Ii— tr') if [,', l; in same waste panel
= ng(t,‘) VBEI.D(IJ’ ti— I,;) if I,‘, t,' in different waste paﬂe]S.

Spallings release f(X,):

n
For{xs)= z rBL;
i=]

2 Gee Table SA-3 for definition of b ;=0.1,2.

® Here and elsewhere, appearance of an undefined time implies interpolation between defined times in Table SA-4.
¢ Here and elsewhere, appearance of two undefined times implies two-dimensional interpolation between defined
times in Table SA-4.

the total normalized release. The location of the mean CCDF is therefore sensitive only to
uncertainty associated with the models and parameters used to estimate releases resulting from
cuttings, cavings, and spallings. The relative sensitivity of the distribution of CCDFs to
uncertainty in values for sampled parameters is discussed in this section and summarized in
Table SA-6. Results are conditional on the conceptual models used in the analysis, the
parameters selected for sampling, and the distributions assigned to those parameter values.
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Table SA-6. Relative Importance of Sampled Parameters with Respect to Uncertainty in
the Distribution of CCDF's for Total Releases. Results are conditional on the
conceptual models used in the analysis, the parameters selected for sampling,
and the distributions assigned to those parameter values. The order of
individual parameters within categories is not significant.

Important parameters
e  Waste erosion shear strength
e  Waste particle diameter
e  Probability of microbial degradation
e Borehole permeability

Less important parameters
e  Parameters not listed above that contribute to uncertainty in repository pressure

Parameters that have little or no effect on the location of the mean CCDF
¢ Parameters related to radionuclide concentration in brine
e Shaft parameters
e Parameters related to flow and transport in the Culebra

SA.9.1 Sensitivity of Total Releases to Sampled Parameters Affecting Cuttings and Cavings

As discussed in Sections SA.2 and SA.3, the erosion shear strength of the waste, TAUFAIL, is
the only parameter varied in the LHS that affects cuttings and cavings releases. This parameter
accounts for all uncertainty in the distribution of CCDFs for cuttings and cavings, and is
therefore an important parameter with respect to determining the distribution of the CCDFs for
total releases.

SA.9.2 Sensitivity of Total Releases to Sampled Parameters Affecting Spallings

As discussed in Sections SA.3 and SA 4, releases resulting from spallings are sensitive to the
particle diameter size of the waste, PARTDIA, and to the pressure in the repository at the time of
intrusion. Releases are sensitive to repository pressure because spalling occurs only if pressure in
the waste is greater than 8 megapascals, which is the approximate pressure that would exist at the
repository depth in a hydrostatic column of drilling fluid within a borehole. Numerous
parameters varied in the LHS have the potential to affect repository pressure. The most
important of these is the pointer variable PROBDEG used to determine whether microbial
degradation occurs in the realization and whether it involves cellulosics or cellulosics plus
rubbers and plastics. Repository pressures above 8 megapascals are more likely to occur in those
realizations in which microbial degradation occurs. Repository pressures above 8 megapascals
are also more likely to occur for second and subsequent intrusions if the sampled value for
borehole permeability in the earlier intrusions is small, allowing the rate of gas generation to
exceed the rate at which gas flows up the borehole.
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SA.9.3 Sensitivity of Total Releases to Sampled Parameters Affecting Direct Brine Releases

Total releases are not sensitive to variability in parameters that affect direct brine releases, except
to the extent that such parameters also affect spalling releases. Like spalling releases, direct
brine releases occur only if the repository pressure at the time of intrusion is greater than 8
megapascals. Parameters that may be important with respect to direct brine releases, because of
their effect on pressure, may also be important with respect to total releases because of their
analogous impact on spallings.

SA.9.4 Sensitivity of Total Releases to Sampled Parameters Affecting Groundwater Releases
Total releases are not sensitive to uncertainty in parameters that affect groundwater releases,
except to the extent that such parameters also affect spalling releases. For example, total releases

are insensitive to uncertainty in all sampled parameters that describe flow and transport in the
Culebra.
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